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Railway is one of the prominent transportation modes in terms of bulk passenger and 
freight movements. Rapid population growth and high demand for mobility have 
necessitated the high-speed heavy haul trains to improve productivity and efficiency. 
Ballast, the most common foundation material of railways is subjected to inevitable 
plastic deformation, densification, particle degradation and fouling owing to large cyclic 
and impact load generated by fast-moving heavy trains. This critically hampers the safety 
and efficiency of tracks by enforcing speed restrictions and track closure for more 
frequent track maintenance. This problem is more critical in the ballasted track on stiff 
subgrades like bridges and tunnel etc. 
One of the promising approaches is to stabilise ballasted track using rubber mats (Under 
Sleeper Pads-USP and Under Ballast Mats- UBM), with the aim of absorbing energy and 
reducing particle breakage to improve track stability, longevity and safety. USP and UBM 
are widely applied in railways in the last few decades for noise and vibration attenuation 
purposes, and there is a notable lack of comprehensive study in geotechnical perspective.  
This study presents the current state-of-the-art knowledge of the use of Under Sleeper 
Pads (USP) in ballasted track acquired through large scale laboratory testing, and 
computational modelling conducted at the University of Wollongong (UOW).  
In this research, the cyclic load inserted on track by heavy haul trains were simulated in 
the laboratory using the process simulation primordial triaxial apparatus (PSPTA). The 
first experiments series were conducted with and without USP to investigate the 
behaviour of the ballasted track on stiff subgrade under varying loading frequencies. The 
cyclic load was applied to simulated 25-tonne axle load, and the appropriate loading 
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frequencies were selected as 15, 20, and 25 Hz, to represent equivalent maximum speeds 
of approximately 100 km/h, 130 km/h, and 160 km/h respectively. The experiment results 
indicate that the energy-absorbing characteristics of USP caused a significant reduction 
in the accumulation of plastic strains and particle degradation. Furthermore, it confirms 
that USP helps to increase the effective contact area of ballast and sleeper and reduces 
the stress inserted on the ballast. The alteration in the contact area leads to a smoother 
stress distribution and thus reduce damages caused to the granular layer. 
To understand the impact of USP properties on-track performances, a series of 
experiments were conducted with three different USPs with uniform thickness and 
varying stiffness. The laboratory results indicated that the stiff pad has a higher 
contribution towards the reduction of permanent deformation and ballast degradation 
significantly compared to the relatively flexible pads. This was due to the higher energy 
absorption by stiff USP  owing to its higher damping capacity compared to other USPs. 
The empirical relationship was developed to capture the impact of USP stiffness on ballast 
degradation and permanent deformation. The energy transmitted to the ballast layer is 
reduced as the part of the kinetic energy generated by rolling stock is absorbed by the pad 
as potential energy and damping energy. The energy dissipated at ballast is reduced as 
the USP caused reduction particle sliding and breakage. In general, a stiffer USP may 
sustain a greater load just below the sleeper base and effectively control the load 
propagation with depth. This means much of the ballast deformation will then be in the 
proximity of the sleeper-ballast interface, implying a reduction in deformation of the 
overall ballast layer.  A more flexible USP while reducing the stress concentrations at the 
sleeper-ballast interface (i.e. increased the contact area with ballast surface) would 
propagate a higher load to a greater depth of the ballast layer, and this will result 
in increased deformation as well as a greater zone of particle breakage across the ballast 
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layer.  However, an excessively high USP stiffness can give an 
unfavourable result;   USP that is too rigid will not significantly increase its contact area 
with the ballast surface upon loading, as this can promote considerably higher breakage 
of particles due to non-uniform pressure (e.g. stress concentrations) that 
will then increase the overall ballast compression in subsequent load cycles, as broken 
(finer) grains get compacted within the matrix. Thus, it is import to find the USP 
properties that optimize the performance of the track substructure. 
Finite element analysis was conducted for unit cell and full track to compare the 
predicting behaviour and experiment data using finite element code ABAQUS. This study 
confirms that stabilisation of ballasted track on stiff subgrade with USP is advantageous 
in reduction plastic deformation and particle degradation. FEM predictions and 
experiment results indicated that the properties of USP should be considered before 
applying them in the field because they can change the performance of the overall track 
structure. For instance, an incorrect pad may reduce ballast performance and lead to 
excessive degradation. Therefore, optimising the properties of USP is essential because a 
correct USP will enhance the performance of the granular foundation and reduce the cost 
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1.1 General Background 
Since the transportation network of a country has a significant influence on its economy, 
the railway network is a major component of it because apart from carrying passengers, 
trains are one of the most popular modes of freight transportation all over the world. 
Moreover, their high freight capacity, low environmental impact, and their efficiency and 
functionality make trains very attractive for inland transportation purposes.  The rapid 
growth in population and urbanisation has led to even more rapid demand for passenger 
and freight transportation, so in an effort to co-operate with high this demand and avoid 
highway traffic, many countries have introduced fast-moving heavy haul trains. As a 
result, railway authorities must expand and improve the performance of the railway 
network because traditional track foundations with several granular layers are 
continuously overloaded, which leads to rapid deformation and deterioration of track. 
Rolling stock generates cyclic loads with large frequencies, and the high stresses lead to 
excessive ballast degradation that causes rapid vertical and lateral settlement that 
increases the risk of derailment as well as adversely affecting passenger safety and 
comfort.    
1.1.1 Railway network in Australia 
The Australian Bureau of Statistics has confirmed that Australia has a rail network that is 
41,461 km long, and consists of narrow, broad and standard gauge ballasted rail track, as 
shown in Figure 1.1 (Trewin 2005). Apart from passenger transportation, trains are also 
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used to transport freight and bulk commodities between major cities and ports because it 
is a convenient, economical and sustainable transportation method; therefore the demand 
for rail is increasing rapidly (Varandas 2013). According to a survey by the National 
Transport Commission of Australia, in 2020 the need for rail transportation will increase 
by 100% compared to 2003, whereas the demand for other modes of transportation such 
as highways, offshore and the pipeline remains approximately constant, as shown in 





Figure 1.1:Rail network in Australia  




Track substructure is the most susceptible part of a railway track to experience damage 
from the cyclic loads generated by heavy and fast-moving trains. According to 
Schmitt(2006), 40-50% of the budget allocated for track maintenance is spent on repairs 
related to track geometry and 70% of the issues related to track deterioration are due to 
ballast degradation (Schmitt 2006). The introduction of high-speed heavy haul trains 
means the granular layers tend to degrade quickly, which in turn increases the rate at 
which permanent deformation will accumulate. According to Selig and Waters (1994) 
ballast makes the highest contribution (50- 70%) to overall track settlement due to the 
cyclic loading which adversely affects longitudinal and lateral track levelling, as well as 
alignment. In New South Wales alone, approximately 800,000 tons of rocks are quarried 
to satisfy the demand for aggregates for ballast maintenance, and NSW spends 
approximately 15 million dollars annually on ballast related maintenance (Hussaini 2013; 
Figure 1.2: Forecasted demand for transportation modes  
(data Sourced from National Transport Commission) 
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Lackenby 2006). It is therefore essential that a method to reduce the rate of ballast 
degradation be established due to the introduction of heavy-haul trains at higher speeds 





















Ballast Degradation, P.C: 
Transportation Safety Board of Canada 
Figure 1.3: Deterioration of Track Geometry 
Lateral Deformation (Adopted from 
Indraratna et al. (2011)) 
Mud Pumping,  
P.C: Geoharbour Australia 
(https://geoharbour.com.au/projects/
research/) 
Differential settlement, P.C: 
Australian Transport Safety Bureau 
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1.1.2 Resilient elements in rail track 
Many researchers recently focused on the use of elastic elements in the railway track  to 
reduce the noise and vibration generated by fast-moving trains, so using resilient pads is 
fast becoming a more attractive and innovative solution (Bruni et al. 2009; Costa et al. 
2012; Indraratna, Navaratnarajah, et al. 2014; Insa et al. 2011; Loy 2012; Nimbalkar et 
al. 2012). Three types of elastic inclusions are used in railway tracks, rail pads, Under 









Since the introduction of concrete sleepers, it is a general practice to install rail pads under 
the rail to improve the load distribution in the superstructure and to reduce damage to the 
sleeper by the rail. Moreover, the pads provide electrical insulation between rail tracks as 
well as minimising the noise and vibration generated by the rolling stock (Kaewunruen 
& Remennikov 2006, 2009b).  Under Sleeper Pads (USP) are placed between the ballast 
and the sleeper as an attachment to the sleeper. USPs have been used in high-speed 
railway tracks for two decades because they are a popular way of reducing the noise and 
vibration generated by fast-moving trains (Lakusic et al. 2010).  Under Ballast Mats 
Under Sleeper Pad Under Ballast Mat Rail Pad 
Figure 1.4: Resilient elements used in railway tracks 
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(UBM) are another way to dampen noise and vibration, so they are installed under the 
ballast layer, especially on stiff sections of track such as bridges, tunnels, turnouts, and 
railway crossings, etc. (Hanson & Singleton 2006). This study will only focus on the 
performance of under Sleeper pads in railway track substructure. 
USPs are usually made out of polyurethane polymer or rubber material with a foam 
structure (Johansson et al. 2008), they are from 7-25mm thick, but their length and width 
depend on the sleeper geometry. USPs typically consist of two layers, an inner layer and 
an outer layer which protects the inner layer. These pads are installed at the sleeper ballast 
interface as an attachment to the sleeper. Depending on the type of connection, these pads 
are manufactured with and without a mesh attached to them. They are fixed to the sleeper 
either by glueing (USP without mesh) or are attached to fresh concrete in the construction 














USP without Mesh 
USP with Mesh 




Many field investigations have been carried out to analyse track dynamics and the 
degradation of track geometry. It has been concluded that the track quality index is 
maintained within the given requirements for a longer period in tracks with USPs 
compared to tracks without USPs. It has been explained that reducing the vertical stiffness 
of a track helps to distribute the load over a higher number of sleepers, so a track with 
USP can spread the wheel load over a larger area, as shown in Figure 1.6. This reduces 
the stress imparted onto the foundation and also prolongs the life of the ballast (Schneider 
et al. 2011). Moreover, as the aggregate particles penetrate into the USP the contact area 
between ballast and sleeper increases, which then reduces the concentration of stress in 















Figure 1.6: Load distribution pattern with and without USP 
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The unevenness of vertical stiffness is the primary cause of differential track 
settlement, which then leads to severe safety problems. USPs are also used to reduce 
the unevenness of track stiffness and provide a smoother transition between track 
sections such as bridges, turnouts, tunnels, and railway crossings, etc. (Insa et al. 2011; 
Paixão et al. 2015). When the overall track stiffness is very high, the ballast is more 
vulnerable to breakage, and the aggregate layer is pulverised into fine particles in a 
short period under cyclic loading; this leads to more frequent and expensive track 
maintenance and adversely affects ride comfort and safety.   
1.2 Problem Statement 
Since the speed and axle load of trains has increased, so too have the stresses 
transferred to the granular foundation layers. Furthermore, rapid degradation due to 
higher stresses generated by cyclic loading has also increased the costs of track 
maintenance.   More focus has recently been given to minimising ballast degradation 
in an effort to reduce the costs of track maintenance, as well as progressive shear 
failure, and excessive plastic deformation. These measures include manipulating the 
confining pressure (Indraratna et al. 2005; Lackenby 2006; Lackenby et al. 2007), 
changing the ballast gradation (Indraratna et al. 2016; Nålsund 2010; Qian et al. 2015; 
Qian et al. 2014; Sun 2017; Sun et al. 2017; Sun & Zheng 2017), introducing 
geosynthetic materials (Indraratna et al. 2006; Indraratna et al. 2003; Indraratna & 
Nimbalkar 2013; Indraratna et al. 2010; Indraratna & Salim 2003; Indraratna et al. 
2002; Nimbalkar & Indraratna 2016; Yang & Han 2012) and polyurethane polymer 
reinforcement (Kennedy et al. 2013; Woodward et al. 2014). However, the most recent 
trend is using synthetic rubber elements such as under sleeper pads (USP) and under 
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ballast mats (UBM) to improve track performance (Indraratna, Nimbalkar & 
Rujikiatkamjorn 2014b; Markine et al. 2011; Wan et al. 2016).  
Many researchers have focused on attenuating the noise and vibration generated by 
fast-moving trains using these elastic elements in track substructures from a structural 
perspective (Costa et al. 2012; Mottahed et al. 2018). While some studies focused on 
the geotechnical aspects of using elastic elements in ballasted railway track, in reality, 
the influence of resilient elements in track foundations has rarely been evaluated even 
though some studies did assess the performance of shock mats in ballasted railway 
track (i.e., USP and UBM) under various loading and track conditions. For example, 
Nimbalkar et al. (2012) examined the ability of USP and UBM to mitigate ballast 
degradation due to impact load, whereas Navaratnarajah and Indraratna (2017) focused 
on assessing the performance of UBM in the ballasted track on stiff subgrades. 
Navaratnarajah et al. (2018) studied the behaviour of USP in ballasted track running 
on an embankment and note it helped to reduce ballast degradation and excessive 
permanent deformation. In a comparison of USP and UBM, USP in ballasted tracks 
seems to be better than UBM because USP is less expensive, easy to install, and more 
convenient for maintenance than UBM. Therefore the scope of this study has narrowed 
to assess the performance of USP. There is lack of previous studies that 
comprehensively analysed the impact of USP in a ballasted track on stiff subgrade (i.e. 
Bridges, tunnels, etc.), but the influence of USP on track substructure has not been 
evaluated very much at all; therefore this study aims to assess the performance of 
ballasted track with USP on stiff subgrade, and to assess the geotechnical behaviour 





1.3 Research Objectives 
The main aim of this research is to evaluate the performance of under sleeper pads 
(USP) in ballasted rail track on the stiff subgrade and assess how well they reduce 
ballast degradation. Since the behaviour of USP depends mainly on properties such as 
stiffness, a series of large-scale triaxial tests were carried out with and without USP to 
understand how the ballast layer behaves with USP. To observe the impact of their 
properties, a series of experiments were carried out with USPs with varying degrees 
of stiffness. The commercial software package “ABAQUS” was used to develop a 
numerical simulation of a granular foundation with USP; the experimental data will 
then be used to calibrate and validate the 3D Model. The outcomes of this research 
will help to reduce the future costs of ballast maintenance as well as being a sustainable 
solution for the social, environmental, and economic issues that arise because of fast-
track deterioration due to ballast degradation.  
The specific objectives are as follows: 
1. Simulate a ballasted track on a concrete bridge or tunnel and evaluate the 
behaviour of the granular layer (with and without USP) under cyclic loading. 
2. Analyse the impact that the stiffness of USP has on ballast behaviour under 
cyclic loading 
3. Identify alterations to the load transfer mechanism and how the stress 
transferred to the ballast decreases using USP. 
4. Making a direct comparison between permanent vertical and lateral 
deformation, the accumulation of strain, changes in of the track modulus, the 




5. Use innovative tactilus surface sensors (matrix-based) to measure the stress 
and contact area of the ballast-sleeper interface. 
6. Develop a three dimensional model of the ballasted track on stiff subgrade 
using ABAQUS and validate the model using experimental data. 
1.4 Thesis Outline 
This thesis is organised in nine chapters, as follows: 
Chapter 1 is an introduction to the thesis and a general background of the study that 
includes a problem statement and the originality and objectives of this research, and 
an outline and organisation of this thesis. 
Chapter 2 is an overview of the current state of research regarding the factors affecting 
the degradation and deformation of the ballast layer, and the different solutions 
provided to reduce it. It presents a compressive review of previous experimental 
studies using elastic elements in the ballasted track, as well as an analysis of the field 
applications of USP and UBM in ballasted tracks and the subsequent findings.  
Chapter 3 explains the laboratory experiment plan used to assess the behaviour of USP. 
It provides details of the large-scale process simulation triaxial apparatus, the test 
materials, sample preparation, loading characteristics, and instrumentation and data 
acquisition techniques. This chapter also provides details of the innovative method of 
measuring the pressure and contact area of the ballast tie interface using matrix-based 
tactile surface sensors. 
Chapter 4 presents an analysis of the experimental results of the test series carried out 
under different loading frequencies (varying train speed). It also explains the behaviour 
of ballast deformation and degradation with and without USP, under cyclic loads and 
at different frequencies. 
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Chapter 5 provides a comparison of the experimental results of the test series with 
different stiffness of USPs. It also discusses the change of stress-strain response, 
ballast degradation, and permanent deformation due to USPs with varying degrees of 
stiffness.  
Chapter 6 presents a numerical simulation of the unit cell of a ballasted track on stiff 
subgrade stabilised with USP in ABAQUS. It also discusses the variation of stress-
strain response and permanent deformation due to USPs with varying degrees of 
stiffness, and it compares the predicted results with the experiment outcomes.  
Chapter 7 presents a numerical simulation of a section of track on stiff subgrade using 
ABAQUS. It also provides details of stress-strain variation of the track stabilised with 
USP under cyclic load. 
Chapter 8 summarises and highlights the main findings of this research, and provides 















 LITERATURE REVIEW 
2.1 Ballasted Railway Track 
Ballast is the most common type of foundation used in most rail tracks in Australia 
and many other countries. A ballasted rail track consists primarily of a substructure 
and superstructure where the rails, rail pads, concrete sleepers and fastening system 
are referred to as superstructure, and the ballast, sub-ballast, and subgrade are the 
substructure (Kaewunruen 2007; Li et al. 2015). The superstructure and substructure 
make a significant impact on-track safety, passenger comfort, and quality of the ride. 
A cross-section of a typical ballasted track is shown in Figure 2.1.  
Rail 

































Rails are steel elements laid along evenly spaced concrete, steel or timber sleepers to 
guide the wheels of the train. They must be stiff enough to transfer the concentrated 
wheel loads to supporting sleepers without excessive deflection. These are also used 
to convey electrical signals and as electrical power lines for trains (Iwnicki 2006; 
Profillidis 2014; Salim 2004).  
Table 2.1 describes the different types of rail profiles commonly used, of which the 
flat bottom rail is the most popular type among them. Wheel and rail interaction 
together with the vertical and horizontal track profile assembly can govern the 
smoothness of the ride, so any damage in the rail or the wheel creates stress (dynamic 
load) in the rail track structure when trains are running at high speeds (Kaewunruen & 
Remennikov 2008). 
2.1.2 Fastening systems 
Rail fastening system forms the structural connection between rail and sleeper by 
preventing any vertical, lateral, and longitudinal movements (Selig & Waters 1994). 
The primary constituents of a fastening system are shown in Figure 2.2. The fastenings 
used in a particular railway track depend on the nature of the sleeper, and the 
dimensions and shape of the rail, as shown in Figure 2.3. 
Fastening Systems can be either direct fastening or indirect fastening. In a direct 
fastening system, the rail and sleeper are connected to the same fastener, whereas in 
an indirect fastening system the rails are attached to the baseplate using one faster, and 
the sleeper is connecting by another fastener. The advantage of an indirect fastening 





Table 2.1: Types of Rail Profiles (Esveld 2001) 
Profile Type Cross Section Application 
Flat-Bottom Rail  
Standard rail track 
Grooved rail  
Rail track run over 
pavements, slabs, yards 
Crane Rail  
Heavy load hosting cranes 
with heavy axel loads 
Construction Rail 
 
Commonly used in  














































In conventional ballasted track the rails are fixed to the sleepers such that the rail 
sleeper assembly determines the required rail gauge. Sleepers made out of concrete, 
timber, and steel (to a limited extent) are still being used, but precast concrete sleepers 
now seem to be the most popular (Figure 2.4). The attraction of timber sleepers is 
diminishing due to environmental preservation and higher rates of degradation. There 
is now a huge demand for concrete sleepers, and their bulk production is becoming 
more popular day by day. Steel sleepers are limited in their use due to their unique 
application and their high price. Sadeghi and Barati (2012) have shown that, unlike 
other types of sleepers, pre-stressed concrete sleepers have a higher bending capacity 
and less ductility and deflection.  
 In conventional ballasted tracks the sleepers are normally partially embedded in a 
granular layer at a spacing of 600mm; this arrangement supports the rails, transfers the 
load to the foundation as evenly as possible. Essentially, maintaining the gauge and 
alignment of the rails, providing sufficient insulation between the rails and higher 
resistance to mechanical and environmental decaying are the main functions of 
sleepers (Kumar & Sambasivarao 2014).  
Track with Timber sleepers Track with Concrete sleeper 




Their weight, durability, greater freedom in design, and their higher strength and cost-
effectiveness due to bulk fabrication in pre-stressed yards make concrete sleepers more 
attractive than timber sleepers. Concrete sleepers are either mono-block sleepers or 




















Ballast consists of coarse aggregate with a particle size varying between (63 – 10mm) 
quarried from high quality igneous or metamorphic rocks. This aggregate layer is the 
first layer in a rail track substructure, and it provides a firm and stable platform for 
superstructure (i.e. sleepers and rail) with high bearing capacity. The ballast layer is 
usually 250mm-350mm thick (measured from the bottom of a sleeper), and it should 
be capable of transmitting the dynamic (cyclic) load generated by trains to the 




Twin-Block sleepers Mono-Block sleepers 
Figure 2.5: Different types of Concrete Sleepers 
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Basalt, limestone, dolomite, gneiss, and granite are recognised all over the world as a 
suitable material for ballast. There are no universal specifications for the properties of 
aggregates that can be used as ballast, although characteristics such as particle size, 
shape, flakiness, hardness texture etc., are important (Indraratna et al. 2011). 
2.1.4.1 Functions of Ballast: 
An ideal ballast layer is expected to  
 Support sleepers uniformly by providing a solid load-bearing platform. 
 Provide sufficient stability to sleepers to withstand the vertical, horizontal 
forces generated by rolling stock. 
 Transfer load at the tie-ballast interface to the underneath layers at a decreased 
and tolerable level. 
 Provide sufficient resistance to degradation and weathering. 
 Facilitate the drainage of water with adequate permeability. 
 Discourage the growth of vegetation. 
 Maintain a necessary level of elasticity and dynamic resiliency (Indraratna et 
al. 1998; Indraratna et al. 2011; Profillidis 2014; Selig & Waters 1994). 
2.1.4.2 Properties of Ballast  
To fulfil those functions, the ballast should have high strength and high permeability, 
and the ballast layer should be thick enough to damp the energy transferred by the train 
and transfer the load to subballast uniformly and at a reduced level. The characteristics 
of aggregate such as its strength, angularity, shape, particle size, gradation, surface 
roughness, bulk density, and durability, etc., have a direct impact on ballast 
performance (Chrismer 1986; Indraratna et al. 2003), which is why railway authorities 
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in different countries have adopted specifications that can meet their specific design 
requirements. Table 2.2 shows specifications of ballast used in Australia, Canada, UK 
and USA. 
 
Table 2.2: Ballast Specification Australia Canada and USA(AS2758.7 2015; 
Indraratna et al. 2011; Lim 2004) 
 
Table 2.3: Recommended particle size distribution for Ballast (AS2758.7 2015) 
 








Ballast Property Australia Canada UK USA 
Aggregate Crushing Value <25% - <22% - 
LAAV <25% <20% <20% <40% 
Flakiness index <%30 - <35% - 
Bulk Unit Weight >1200 - - >1120 
Particle Specific Gravity >2.5 >2.6 - - 




Subballast or the capping layer consists of well-graded crushed rock or a sandy gravel 
mixture.  Subballast varies from 100-150mm thick, but its properties and design 
criteria depend on the characteristics of the subgrade; it is designed to stop ballast 
particles from penetrating to the subgrade. Subballast acts like a filter to prevent ballast 
fouling due to the migration of finer particles from the subgrade (a phenomenon known 
as mud pumping), and it allows excess water to drain from the wet subgrade (Haque 
et al. 2007; Trani & Indraratna 2010). 
2.1.6 Subgrade 
Subgrade, also known as the formation layer on which track structure is built; it may 
consist of natural soil or filled materials, or a combination of both. Subgrade mainly 
provides stable support for the load-bearing layers above, so its properties directly 
affect the long term and short term performance of the overall track structure. For 
example, a stiffer subgrade lowers the settlement, and the lack of proper drainage 
causes mud pumping, which affects the performances of ballast.  
2.2 Design of Railway track 
Since the load exerted onto a track by rolling stock is a complex combination of static 
and dynamic loads, they must be quantified for design track components. The static 
axle load, loading history and running speed are the essential parameters needed in 






The design procedure of conventional ballasted railway track is illustrated in the 
flowchart shown in Figure 2.6. Most of the equations adopted in this method have been 
empirically determined by various researches and allowable stress design approach is 
mainly considered. Even though a railway track is a complex non-linear system, these 
design criteria are ignored in order to simplify the design procedure. From a 
geotechnical perspective, the main drawback of this method is the use of a “Beam on 
Elastic Foundation (BOEF)” analysis. Because ballast is a granular layer of coarse 
aggregates and shows elastoplastic behaviour under repeated loading (Salim 2004), 
treating it as an elastic material in this design method is a significant concern.    




Figure 2.6: Track Design Procedure (modified after Steffens (2005)) 
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2.3 Forces generated in track substructure 
The forces inside a track substructure can be defined as vertical, lateral and 
longitudinal forces that are generated as a result of long and short term static, dynamic, 
and cyclic load transferred by passing trains, thermal effects, and squizzing effects due 
to maintenance (Daoud et al.). A better understanding of forces generated in the track 
and load transfer mechanism is essential for identifying the behaviour of track 
substructure (Esveld 2001; Indraratna et al. 2011).  
2.3.1 Vertical forces 
The vertical force in a rail track is a combination of the static and dynamic load. The 
dead weight of the train and superstructure, the forces in bends, and the wind load 
contribute to the quasi-static load (Equation 2.1, 2.2 and 2.3), whereas the dynamic 
load is known as the dynamic increment that depends on the speed of the train, and the 
condition of the wheels and the track.  The squizzing effect due to maintenance 
activities such as ballast tamping also contributes to the vertical forces (Esveld 2001; 
Indraratna & Salim 2005; Selig & Waters 1994). 
 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑞𝑢𝑎𝑠𝑖−𝑠𝑡𝑎𝑡𝑖𝑐 + 𝑄𝑑𝑦𝑛𝑎𝑚𝑖𝑐 Eq. 2.1  
  𝑄𝑞𝑢𝑎𝑠𝑖−𝑠𝑡𝑎𝑡𝑖𝑐 = 𝑄𝑠𝑡𝑎𝑡𝑖𝑐 + 𝑄𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙 + 𝑄𝑤𝑖𝑛𝑑 Eq. 2.2 
   𝑄𝑠𝑡𝑎𝑡𝑖𝑐 =
𝑊
2
 Eq. 2.3 
   
where W = axle load. 
The distribution of vertical stress along a typical ballasted rail track is shown in Figure 
2.7. The load transferred by the wheel depends on the properties of the track 
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foundation, such as its strength and stiffness, and the damping properties of the 












































Deflected Rail Profile 
Wheel 
Figure 2.7: Wheel load transfer mechanism (modified after Selig and 
Waters (1994) and Indraratna and Salim (2005) ) 
 
Wheel load (Pd) 
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2.3.1.1 Rail Seat Load 
The force applied onto the sleeper by the rail is referred to as the rail seat load (qr); 
various equations have been proposed to calculate the maximum rail seat load based 
on experimental and numerical analysis, as shown in table 2.5. It is difficult to estimate 
the exact magnitude of the maximum rail seat load because it depends on factors such 
as the properties of the rail, the rail pad, and the sleeper, as well as the space between 
two adjacent sleepers, the track maintenance history and the characteristics of ballast, 
etc. (Sadeghi & Youldashkhan 2005; Zakeri & Sadeghi 2007). The load is transferred 
by the wheels to the rail and is distributed over several sleepers, so the number of load-
bearing sleepers depends on the stiffness of the foundation. The maximum load is 
applied onto a sleeper when it is directly under the wheel (only for one axle), so the 
total impact of all the axles of the train can be calculated by superimposing the pressure 
inserted onto the sleeper by all the individual axles.  
Table 2.5: Methods of calculating maximum rail seat load 
Maximum Rail Seat Load Proposed by Remarks 
𝑞𝑟 = 0.31𝑃𝑑 Li et al. (2015) For concrete sleepers 
𝑞𝑟 = 0.42𝑃𝑑 Li et al. (2015) For timber sleepers 
𝑞𝑟 = 0. 𝑃𝑑  Talbot (1980) 
For three adjacent 
sleepers 
𝑞𝑟 = 0.43𝑃𝑑 O'Rourke (1978) For timber sleepers 
𝑞𝑟 = 0.60𝑃𝑑 AREMA (2006) 
For prestressed 
concrete sleepers, 
spacing -760mm  




𝑞𝑟 = 0.34𝑃𝑑 Li et al. (2007) For the BOEF model 
𝑞𝑟 = 0.4𝑃𝑑 
Profillidis (2014) 
For five adjacent 
sleepers FE analysis 
Kennedy (2011) 




2.3.1.2 Pressure at the ballast and sleeper interface 
Measuring the pressure under a sleeper is very difficult because the contact area 
between the ballast and the sleeper varies with time due to the particle arrangement, 
ballast gradation, density, and the amount of fines and dirt that change with the service 
life of the track. However, the stress under a sleeper tends to be constant after the track 
has been in service for a while.   Shenton (1975) tried to quantify the variation in 
pressure under a sleeper laid on an aggregate layer where the particle size varies 










The pressure under the sleeper can be calculated using Equation 2.4 proposed by Jeffs 
and Tew (1991). According to this equation the  stress under a sleeper (Pa) depends on 
the rail seat load (qr), effective length (Le) (which depends on the pressure distribution 
pattern), the width of the sleeper (B), and the influence of the material properties of 
the sleeper and track maintenance that take in account by factor “F”. 
 
 𝑃𝑎 = [
𝑞𝑟
𝐵𝐿𝑒
] 𝐹   Eq. 2.4  
 
Figure 2.8: Stress distribution under the Sleeper 











Different pressure distribution patterns have been proposed to quantify the effective 
length (Le) of the sleeper,as summarised in table 2.6. 
 
Table 2.6: Effective length or area of the Sleeper 
 




𝐴 AREMA (2006) 
A= Area of the bottom 




 Scramm (1961)  
𝐿𝑒 = 2𝑎 Shin et al. (2002) Japanese Standard 




Clark and Lownder 
(1979) 
Figure 2.9 









Assuming the effective length is 1/3L where L is the total length of the sleeper Equation 
2.4 becomes 
 𝑃𝑎 = [
3𝑞𝑟
𝐵𝐿
] 𝐹 Eq. 2.5     
L 
Le Le 
a a l 
Figure 2.9: Sleeper -Ballast contact pressure 
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2.3.2 Lateral Forces 
Lateral forces can be generated in a railway track for many reasons, which make it 
more complicated to understand than vertical forces (Key 1999). In an unloaded state, 
forces can be generated parallel to the axis of the sleeper due to thermal effects, but 
since rails tend to buckle in hot weather due to thermal expansion, the lack of lateral 
resistance to withstand against these thermal-induced forces can cause track failure 
with possible train derailment, as shown in Figure 2.10 (Kish & Samavedam 2001). 
Other than that, earthquakes can generate large lateral forces, which can cause severe 
damage to the track structure (Arbabi & Khalighi 2010). 
Figure 2.11 shows a distorted railway line in New Zealand from the Canterbury 
earthquake, 4th of September 2010. 
Figure 2.10: Rail Track buckling due to thermal induced forces in VIC, Australia 
(Adopted from Knapton (2015) 
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In a loaded state, lateral forces can be imposed onto a track in many ways. On straight 
sections of the track, these forces are generated by the lateral component of dynamic 
force due to geometric deviations, whereas on bends the centrifugal force contributes 
to lateral forces. Moreover, crosswinds and contact by the wheel flange against the 
outer rail curve generates transverse forces; the magnitude of these forces depends on 
the curvature and the speed of the rolling stock (Ionescu 2004).  
2.3.3 Longitudinal forces 
Longitudinal forces are generated parallel to the rails in track for the following reasons 
(Indraratna et al. 2011; Ruge & Birk 2007) 
 Acceleration and deceleration effects of the train 
 Expansion and contraction of rail due to temperature variations 
 Wave action in the rail 
 Track creep 
 Shrinkage stresses caused by rail welding 
Figure 2.11: Distorted railway line in New Zealand from Canterbury earthquake 
(Adopted from Petley (2010)) 
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2.3.4 Dynamic Analysis 
Since the impact of a moving load is higher than its static state, the highest uncertainty 
involves determining the dynamic component of loading (Qdynamic). Therefore general 
practice is to multiply the static wheel load (Qstatti) by a dynamic amplification factor 
(DAF) ( or impact factor). Jeffs and Tew (1991) suggest an empirical equation to 
determine the design wheel load 𝑃𝑑  (kN) incorporating dynamic effects (equation 2.6); 
according to his study the magnitude of the dynamic load depends mainly on the train 
speed (Figure 2.12), the dimensions of the wheels, the axle load and the condition of 
the cars and the properties of the track substructure and  superstructure (Jeffs & Tew 
1991; Thambiratnam & Zhuge 1996).  
 𝑃𝑑 = 𝜙𝑃𝑠  Eq. 2.6 
Where 𝑃𝑠  is the static wheel load, and 𝜙 is the Dynamic Amplification Factor (DAF). 
Different equations have been proposed for DAF based on various parameters, some 
of the commonly used methods are summarised in Table 2.7











Train Speed (km/hr) 
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Table 2.7: Equations for Dynamic Amplification Factor (∅) 
 
Dynamic Amplification Factor Proposed by Remarks 
𝜙 = 1 + 𝛼′ + 𝛽′ + 𝛾′ ORE (1965) 
𝛼′ −Coefficient depends on track irregularities, vehicle suspension and 
Speed 
𝛽′ −Coefficient depends on wheel load shift in the curve 
𝛾′ −Coefficient depends on speed, track condition, vehicle  




AREA method  
(Li & Selig 1998) 
𝑉 − Train Speed in km/hr 
𝐷𝑤 − Wheel Diameter in m 




Australia Railways  
(Ni 2012) 
𝑉 − Train Speed in km/hr 
𝐷𝑤 − Wheel Diameter in m 






𝑉 − Train Speed in km/hr 
𝑘 − Track Modulus in MPa 






When train speed is  𝑉 < 100𝑘𝑚/ℎ𝑟 






 When train speed is 𝑉 ≥ 100𝑘𝑚/ℎ𝑟 









(𝛼1 + 𝛼2) −Total rail joint dip angle in radians 
𝑃𝑠 −Static Wheel load in kN 
𝑃𝑢 −unsprung mass per wheel in kN 
𝐷𝑗 −Track stiffness at the Joints (kN/mm) 
𝑔 −gravitational acceleration ms-2 
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South African  
Railways 
(Doyle 1980) 
𝑉 − Train Speed in km/hr 
𝐷𝑤 − Wheel Diameter in m 
𝜙 = 1 + 𝛿𝜂Τ 
Eisenmann 
(Esveld 2001) 
𝛿 − Parameter depends on the quality of the track 
𝜂 − Parameter depends on the speed of the train  
(𝜂 = 1 for 𝑉 < 60km/hr  and 𝜂 = 1 +
𝑉−60 
140
 for 60km/hr ≤ 𝑉 <200km/hr) 
Τ − Parameter depends on the chosen upper confidence limits 






𝑉 − Train Speed in km/hr 
𝑘 − Track Modulus in MPa 
𝐷𝑤 − Wheel Diameter in m 
𝜙 = 1.908 + 8 × 10−4𝑉 + 10−6𝑉2 Sadeghi (2012) 𝑉 − Train Speed in km/hr 






𝑉 − Train Speed in km/hr 
𝐷𝑤 − Wheel Diameter in m 
𝜙 = 1.0 
Bian et al. (2014) 
For Ballastless 
Tracks 
When train speed is  𝑉 < 150𝑘𝑚/ℎ𝑟 
When train speed is 150 <  𝑉 ≤ 300𝑘𝑚/ℎ𝑟 
When train speed is  𝑉 > 300𝑘𝑚/ℎ𝑟 
𝜙𝑑 𝑚𝑎𝑥 = 1.33 −
0.25
1+0.14𝑍3.4
  Where z is subgrade depth 





𝜙 = 𝜙𝑑 𝑚𝑎𝑥 
𝜙 = 𝑒0.003𝑉 Sun et al. (2015) 𝑉 − Train Speed in km/hr 












2.4 Track Deformation 
Track deformation is of concern because it directly affects safety and passenger comfort. 
Tacks can become deformed due to rail deterioration, damage to the sleepers, the 
degradation of ballast, settlement in other foundation layers, and natural disasters. 
Depending on the condition of the track substructure, rail track can be deformed in lateral 
and vertical directions because the conditions vary from one point on the track to another; 
as a result, non-uniform deformation generated under different loading states causes 
differential track settlement. This situation is serious when passage on an embankment 
reaches a bridge, tunnel, or crossing, etc., where the foundation stiffness is relatively high 
(Varandas et al. 2014); particularly since contributes more than 50% to vertical track 
settlement compared to other foundation layers, as shown in Figure 2.13(Ionescu et al. 
1998). The rearrangement of aggregate particles, ballast degradation, and densification 
due to changes in gradation and the lateral spread of ballast are the main reasons for this 
significant deformation (Selig & Waters 1994; Tutumluer et al. 2013).  
Figure 2.13: Contribution of granular layers for total track settlement 
(modified after Brown and Selig (1991) 
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2.5 Factors governing ballast behaviour 




2.5.1 Properties of aggregates 
The behaviour of ballast under cyclic loading is affected by the properties of individual 
aggregate particles such as size, crushing strength, abrasion resistance, and roughness, 
etc. 
When the effect of particle size is considered, ballast consists with aggregate which 
ranges in size from 10-60mm, and during transportation, handling and compaction, the 
1) Properties of aggregates  Size of the aggregates 
 The strength of the aggregates 
 The shape of the particles 
 Abrasion resistance 
 Surface roughness 




 Degree of saturation 
 Void Ratio 
3) Loading characteristics  Loading History 
 Current stress state 
 Number of load cycles applied 
 Stress Path 
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corner projections of aggregates tend to break which therefore changes the particle sizes. 
Moreover, the cyclic load induced by the rolling stock causes further breakage and alters 
the gradation of the ballast layer. Despite this, 90% of aggregate particles in good quality 
ballast layer tend to maintain their original size range of 10-60mm even after several 
million load cycles. Indraratna et al. (1998) noted that the peak friction angle tends to 
decrease with increasing particle size at low confining pressure (<300 kPa), and at higher 
confining pressures, particle size has an insignificant effect over the friction angle.  
Furthermore, analysis done by Janardhanam and Desai (1983) indicated that particle size 
has a huge impact on the resilient modulus of ballast. Research findings showed that 
resilient modules increase with the mean particle size at all levels of confinement (Figure 
2.14), which suggested that particle size has no substantial influence over strains 
generated in the ballast layer (Janardhanam & Desai 1983). 
The shape of particles has a greater impact on ballast degradation and settlement of the 
overall track substructure, which is why many different types of course aggregates have 
been examined to evaluate the effect of particle shape. Digital image analysis was the 
most common method used for this purpose (Al-Rousan et al. 2007; Bangaru & Das 2012; 
Härtl & Ooi 2011; Moaveni et al. 2016; Moaveni et al. 2013; Wnek et al. 2013; Zhang et 
al. 2012). The shape of the aggregates generally determines the void ratio, shear strength, 
and deformation under different loading patterns of the granular assembly. Angularity 
and the shape of particles are interconnected parameters, so in general, ballast with more 
angular particles shows less settlements than ballast with more spherical particles (Jeffs 
1989). According to Nouguier-Lehon (2010), an increasing elongation ratio can reduce 
the void ratio, and then the optimum value, while further increments can cause more voids 
in the media. As shown in Figure 2.15. They suggested an optimum value of 0.7 for the 



























Figure 2.15: Relationship between Elongation ratio and initial 




































Figure 2.14:Effect of particle size on Resilient Modulus of Ballast (Data 
sourced from Janardhanam and Desai (1983)) 
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A study by McDowell and Bolton (1998) showed that large particles break more often, 
which leads to a reduction in the shear strength and dilation in the granular layer. 
Moreover, a randomly compacted granular layer with a high flakiness index can exhibit 
higher shear strength as the aggregate particles interlock (Yan 2009). Unlike other 
granular material, ballast consists of highly angular aggregates with large particles, which 
is why ballast tends to break more at lower confinements ( <65 kPa) as well (Lackenby 
et al. 2007).   
Furthermore, the surface roughness or texture influences the angle of internal friction and 
thus the stability, durability, and strength of the ballast layer. Aggregates with low 
roughness tend to slide rather than rotate under an applied load.  It has been found that 
the resilient modulus of ballast tends to increase as the surface roughness of aggregates 
increases, and aggregates with good texture reduce the plastic strain (Indraratna et al. 
2011).  
The strength of individual constituent particles depends mainly on the properties of the 
parent rock, which is why the mineralogy and grain arrangement affects the behaviour of 









2.5.2 Characteristics of the granular layer  
Characteristics such as the density, void ratio, gradation, and moisture content directly 
affect the performance of the ballast layer under fast and heavy cyclic loading. 
Various researchers have carried out an experimental and numerical analysis to 
understand how gradation affects its performance in the field (Bian, Huang, et al. 2016; 
Cunningham et al. 2013; Kaya 2004; Sitharam & Nimbkar 2000; Sun et al. 2017; Sun & 
Zheng 2017). Even though ballast is treated as being a uniformly graded granular layer, 
the gradations adopted by railway authorities vary from country to country. Ballast 
gradation can be quantified by its mass, surface area, or the number of aggregates, 
although particle size distribution (PSD) determined by mass is the most common method 
used in practice (Sun 2017). The specifications generally recommend having more 
uniform gradation to ensure proper drainage in the ballast, but since a ballast layer with 
uniformly graded ballast has a higher void ratio than well-graded ballast, well-graded 
ballast has higher strength (Tennakoon 2012). Indraratna et al. (2016)  evaluated the 
influence of PSD on the behaviour of ballast under cyclic loading using a large-scale 
cylindrical triaxial apparatus. It has been found that when the coefficient of uniformity 
𝐶𝑢 is less than 2.5, an increase in 𝐶𝑢 reduces the plastic settlement, whereas a further 
increment in 𝐶𝑢(≥2.5) increased the permanent deformation under cyclic loading, as 
shown in Figure 2.16. The optimum value for 𝐶𝑢 is proposed to be between 1.2 and 2.5, 
where ballast showed the lowest deformation. 
The void ratio and density are interconnected parameters that directly affect the 
mechanical behaviour of ballast. Thus the density and void ratio of a granular layer 
depends on the gradation and degree of compaction. It is well established that ballast with 
the high void ratio (low density) has low strength, is weak in shear, and undergoes large 
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plastic settlement under cyclic and monotonic loading (Indraratna et al. 1997; Indraratna 
et al. 1998). The ballast layer experiences much settlement immediately after its 
construction or maintenance due to its loose state. 
Figure 2.16: Permanent deformations of ballast with varying coefficient of uniformity 
(Cu) at constant density at 20Hz and at 30Hz (adopted from Indraratna et al. (2016)) 
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2.5.3 Loading Characteristics 
The deformation and degradation of the ballast layer are influenced by loading 
characteristics such as lateral confinement, loading frequency and amplitude, and 
previous load history, etc. 
Confining Pressure: 
Marsal (1967) is one of the first researchers to study the effect that confining pressure had 
on the behaviour of rockfill materials, and noted the nonlinear relationship between 
confining pressure and normal stress. A study by Indraratna et al. (2005) identified that 
ballast breakage has a significant influence on particle breakage. moreover, behaviour of 
the ballast under cyclic loading was categorised into three distinct groups depending on 
the confining pressure (𝜎3
′) applied, as shown in Figure 2.1.  
1. Dilatant unstable degradation zone (DUDZ) ( 𝜎3
′ <30kPa): A specimen subjected 
to low 𝜎3
′  was categorised under this first zone where the overall volumetric 
dilation was caused by rapid axial strains and expansive radial strains. DUDZ 
demonstrated the highest degradation compared to two other zones where most of 
the aggregates were damaged due to the breakage of angular projections rather 
splitting. According to Lackenby et al. (2007), this happened as a result of 





Figure 2.17: Effect of confining pressure (𝜎3
′) on Ballast Breakage (Adopted 
from Lackenby et al. (2007) ) 
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2. Optimum degradation zone (ODZ) (30kPa < 𝜎3
′ < 75kPa): A slight increase in 
confinement caused more uniform internal contact stress and as a consequence, 
reduced ballast breakage. Thus a significant reduction of axial strain means that 
the volumetric strain can be obtained (Indraratna et al. 2005). 
3. Compressive stable degradation zone (CSDZ) (30kPa < 𝜎3
′ < 75kPa): In this 
region, the dilation and rearrangement of particles were restricted by confining 
pressure. The most significant differences between the ODZ and CSDZ are the 
reduced mobility of particles and the highly stressed but relatively secure contact 
points (Lackenby 2006).   
A study by Indraratna and Salim (2002) showed that an increase in confining pressure 
increased ballast degradation under monotonic loading. Indraratna, Sun, et al. (2014) also 
studied the deviatoric stress, volumetric strain and deviatoric strain relationships with 
varying confining pressures and found that at low confinements (𝜎3
′ ≤60 kPa) the 
volumetric strains are compressive, but they dilate with a further increment of deviatoric 
strains. At higher confining pressures, the volumetric response is totally compressive, as 
shown in Figure2.18. 
Loading Frequency: 
The loading frequency of ballast is determined by the speed of the train, which is why 
many in-situ and numerical studies have shown that train speed influences track response 
(Aursudkij et al. 2009; Han 2012; Indraratna, Thakur, et al. 2009; Luo et al. 1996; Sun et 
al. 2014; Takemiya & Bian 2005). The loading frequency can be calculated, as shown in 






















Figure 2.19: Calculating Loading frequency of rail track (Adopted 
from Indraratna, Biabani, et al. (2014b)) 
Figure 2.18: Static response of ballast: variation of volumetric strain 
with deviatoric strains. (adopted from Indraratna, Sun, et al. (2014)) 
45 
 
An increasing increment in the loading frequency increases the vertical stress, and thus, 
a higher operational speed can lead to more damage to the rail track substructure. 
According to  Kempfert and Hu (1999), an apparent rise in the vertical dynamic stress is 













A series of large-scale cyclic triaxial tests by (Sun et al. 2015) to investigate the effect of 
loading frequency found that the loading frequency must be considered in track design. 
They have identified three distinct deformation mechanisms of ballast depending on 
loading frequency, the maximum cyclic load, and the effective confining pressure 
namely, plastic shakedown, ratcheting, and plastic collapse (Sun et al. 2014).  





















Figure 2.20: Effect of train speed on dynamic stresses 
(adopted from Kempfert and Hu (1999)) 
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2.6 Ballast behaviour under cyclic loading 
2.6.1 The permanent and resilient response of ballast 
Ballast can densify or dilate (change of shape of granular assembly), degrade (reducing 
particle size due to attrition or breakage), or distort (rearrangement of aggregates due to 
sliding and rolling) under repeated loading. The deformation of the ballast due to these 
mechanisms can be divided into two categories; resilient deformation that is recoverable 
in unloading, and permanent deformation that is irrecoverable, as shown in Figure 2.21. 
The elastic behaviour is generally characterised by the resilient modulus, which has a 











The stress-strain response of the granular material subjected to cyclic loading was 
described by Werkmeister et al. (2001) using the shakedown concept shown in Figure 
2.22; with this concept, the behaviour of the material under repeated loading was divided 




























Zone 1:  This zone is referred to as a purely elastic region where the stresses are not 
large enough to bring the material to a yield condition, and therefore, 
deformation under load is entirely recoverable during unloading. 
Zone 2:  In this zone, the material undergoes plastic deformation in the initial load 
cycles and gradually becomes elastic again. The stresses in this zone are 
slightly less than the stress needed to produce plastic deformation. The stress 
limit in this zone is called the elastic shakedown limit. 
Zone 3: This zone is called plastic shakedown, where stresses applied to the material 
are slightly less than the stress that must be applied to fail the material. 
Initially, the accumulation of plastic strain can be witnessed, and then the 





Figure 2.22: Stress strain response under cyclic loading (adopted from 
Werkmeister et al. (2001)) 
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hysteretic. After the material reaches a steady-state, there is no more plastic 
strain accumulation.  
Zone 4: In this zone, the stresses are high as the material reaches its yield condition, 
but within a short time, the material collapses because the rate of plastic strain 
accumulation is very high. 
2.6.2 Resilient Modulus (Mr) 
The resilient modulus (𝑀𝑟) is a parameter depicting the deformation of the granular 





 Eq. 2.7 
where ∆𝜎𝑐𝑦𝑐











Many researchers have tried to introduce a mathematical relationship for 𝑀𝑟 based on 
single stress analysis or multi stress analysis, based on the deviator stress or bulk stress. 








Figure 2.23: Resilient modulus (Mr) determination using stress-strain curve 
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Table 2.8 : Resilient Modulus Relationships 
Resilient Modulus 𝑴𝒓 Proposed by Remarks 
𝑀𝑟 = 𝑘1𝜃
𝑘2 Seed et al. (1967) θ -bulk stress and 𝑘1, 𝑘2-model parameters 
𝑀𝑟 = 𝑘1𝜎3
𝑘2 Dunlap (1965) 
𝑘1, 𝑘2- model parameters 
𝜎3 - confining stress 




) Monismith et al. (1967) 
𝑘1, 𝑘2- model parameters 
𝜎𝑎𝑡𝑚 - atmospheric pressure 
 𝜎3 - confining stress 





 Tam and Brown (1988) 𝑘- model parameters 










 Uzan (1985) 
𝑘1, 𝑘2 , 𝑘3- model parameters 
𝜏𝑜𝑐𝑡-octahedral shear stress 
θ -bulk stress and 𝜎𝑎𝑡𝑚 - atmospheric pressure 








+ 𝑘4 ) 𝑘3 Andrei (1999) 
𝑘1, 𝑘2 , 𝑘3, 𝑘4, 𝑘5 - model parameters 
𝜏𝑜𝑐𝑡-octahedral shear stress 
θ -bulk stress and 𝜎𝑎𝑡𝑚 - atmospheric pressure 
𝑀𝑟
𝜎𝑎𝑡𝑚
= 𝑘1 × (
𝜎3
𝜎𝑎𝑡𝑚
) 𝑘2 × (
𝜎𝑑
𝜎𝑎𝑡𝑚
) 𝑘3 Rahman et al. (2013) 
𝑘1, 𝑘2 , 𝑘3 - model parameters 
  𝜎𝑎𝑡𝑚 - atmospheric pressure 
 𝜎3 - confining stress and 𝜎𝑑 - deviator stress 
𝑀𝑟 = 𝑚𝑓
𝑛 + 𝜃𝑡  Sun et al. (2015) 
𝑓- frequency and θ -bulk stress  
m, n, and t - empirical parameters 
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When designing track, the factors that influence the resilient behaviour of ballast must be 
considered. The literature shows that the resilient modulus of unbound granular material 
depends on the confining pressure, the sum of principal stresses, the density, particle size 
distribution, moisture content, loading history, loading frequency, and the number of load 
cycles, etc. According to Lackenby et al. (2007) and Aursudkij et al. (2009)  an increase 
in the confining pressure (𝜎3) increased the resilient modulus of ballast, as shown in 
Figure 2.24. They also found that an increase in bulk stress or p/q’ caused an increase in 














In 2015, Sun et al. introduced a mathematical relationship (based on experiments) 
between the loading frequency 𝑓 and the sum of principal stresses 𝜃 (𝜎′1 + 𝜎′2 + 𝜎′3) as 
shown in table 2.8. They found that when the deviator stress is constant, the Mr of ballast 
increases with the number of load cycles due to cyclic densification. This study also 
Figure 2.24: Variation of resilient modulus (Mr) with (𝜎3) and p/q’ 
data sourced from Aursudkij et al. (2009) 
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proved that an increase in train speed (i.e., high loading frequency) caused an increment 

















2.7 Ballast Degradation 
Ballast degradation is one of the primary concerns of high speed ballasted rail corridors 
because it directly influences the performance of track substructure. During its service 
life ballast is continuously subjected to degradation due to cyclic loading, weathering, 
and maintenance tamping (Lim 2004; Tolppanen 2001). The strength, stress-strain 
response, pore pressure generation and permeability of the granular assembly depend 
mainly on particle breakage (Lade et al. 1996). According to (Selig & Waters 1994), 
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Figure 2.25: Variation of resilient modulus 𝑀𝑟 with loading frequency and θ 
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ballast degradation contributes more to fouling (up to 76% on average), as shown in 












A study by Raymond and Diyaljee (1979) found that ballast degradation occurs due to 
three distinct mechanisms; 
 (i) The breakage of angular projections of particles which occurs during the 
initial settlement of ballast. 
(ii) The breakage of particles into equal parts which influences the long-term 
deformation, stability, and safety of rail tracks. 
(iii) The grinding-off of small-scale asperities, leading to ballast fouling.  
Similar degradation mechanisms were observed by Sun et al. (2015), and according to 
this study when the loading frequency is less than 30Hz, particle degradation occurs in 
the form of the attrition of asperities and corner breakage. As the loading frequency 
increases (30 < f < 60 Hz) particles begin to split into two due to fatigue, and when the 
loading frequency is higher than 60Hz further splitting and attrition occurs as a result of 
Figure 2.26: Factors affect the ballast fouling 
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excessive vibration. The factors that affect ballast degradation have been studied by many 
researchers, and their findings are summarised in table 2.9. 
Table 2.9: Factors that affect ballast degradation 




Knutson and Thompson (1977) 
Particle size distribution Qian et al. (2014); Sun (2017); Sun and Zheng (2017) 
Properties of aggregate particles 
Particle shape Guo et al. (2018); Lee and Farhoomand (1967) 
Particle size Sun (2017) 
Mineralogy (Qian et al. 2017) 
Loading Characteristics 
Loading frequency 
(Luo et al. 1996; Nimbalkar & Indraratna 2015; Sun et 
al. 2014; Tutumluer et al. 2007) 
Confining pressure (Indraratna et al. 2005; Lackenby et al. 2007) 
Axle load (Anderson & Fair 2008; Indraratna et al. 2006) 
Number of cycles (Salim 2004) 
Presence of Synthetic inclusions 
Geogrids (Indraratna & Nimbalkar 2013; Qian et al. 2015) 
Shock mats and rubber 
crumbs 
Refer to Table 2.11 
Geocomposites 









2.7.1 Quantifying Ballast Breakage 
Many studies have attempted to propose a mathematical relationship to quantify particle 
breakage based on changes in particle size after applying a load or changes in the particle 
size distribution (Salim 2004).  Marsal (1967) proposed particle breakage (𝐵𝑔) based on 
the significant amount of particle degradation observed during large scale triaxial tests on 
rockfill materials.  In this method, the aggregate sample should be sieved before and after 
the test; 𝐵𝑔 is the sum of positive values of ∆𝑊𝑘 where ∆𝑊𝑘 is the difference in the weight 
percentage of aggregates that remain in the sieve “k” as shown in Figure 2.27. 𝐵𝑔 has a 
lower limit of 0 and an upper limit of 100% which represents no breakage and all the 
particles break into small sizes, respectively. 
 
Figure 2.27: Particle Breakage Index proposed by Marsal (1967) 
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Lee and Farhoomand (1967) purposed another index to capture particle degradation using 
earth dam fill materials; they defined particle breakage based on the change of particle 
size D15. In 1985, Hardin introduced an alternative method to quantify particle 
degradation using a parameter called the relative breakage index 𝐵𝑟 where 𝐵𝑟 is the ratio 
between the breakage potential 𝐵𝑟 and total breakage𝐵𝑟. Lade et al. (1996) summarised 
the definition of the above by describing all three breakage indicators in one graph, as 





Figure 2.28:  Various definitions for Particle degradation 
 ( Modified after Lade et al. (1996)) 
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2.7.2 Ballast Breakage Index (BBI) 
Indraratna et al. (2005) introduced a new method to quantify ballast degradation under 
cyclic loading by considering the limitations of the methods described above where the 
PSD curve of the ballast shifts towards smaller size particles due to degradation under 
cyclic loading. Recognising this shift as the degradation indicator, the BBI (Ballast 
Breakage Index) can be calculated using Eq.2.8. A is the shift in PSD due to ballast 




 Eq. 2.8 
  
Figure 2.29: Ballast Breakage Index (BBI) proposed by (Indraratna et al. 2005) 
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2.8 Problems associated with ballasted tracks 
The ballasted track has a lower capital cost, but has high maintenance costs due to fast-
track deterioration generated as a result of increased rail traffic intensity, train speeds, and 
axle loads. The excessive stresses imparted onto ballast caused rapid particle degradation 
and an increasing amount of finer particles. Altering the gradation of ballast increase 
compaction and adversely affects track geometry and the permeability of the granular 
assembly. Furthermore, accelerated deformation and degradation can introduce many 
problems, as shown in Figure 2.30.  
Ballast degradation (adopted from 
Indraratna et al. (2011)) 
Differential settlement (adopted from 
Suiker (2002)) 
Lateral deformation (adopted from 
Indraratna et al. (2011)) 
Mud pumping (adopted from 
Ghataora et al. (2017)) 
Figure 2.30: Problems associated with ballasted tracks 
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2.9 Use of artificial inclusions to improve track performance  
To overcome these challenges and reduce maintenance costs, numerous studies have been 
carried out, and researchers have introduced different solutions. Reinforcing ballast using 
Geo-grids, the application of Geotextiles and Geocomposites, fibre reinforcement of the 
ballast layer, geo-cell confinement, manipulating the confining pressure and altering 
ballast gradation were most popular and widely used methods to overcome the challenges 
related to ballasted rail tracks. Previous studies carried out with these solutions are 
summarised in table 2.10. Geogrids have been widely used in the substructure of rail 
tracks to reinforce the ballast and to improve track performances (Fernandes et al. 2008; 
Ngo et al. 2016; Raymond 2002). It interacts with the surrounding particles to carry 
tensile loads imposed by the cyclic load by effectively interlocking between itself and the 
ballast (Indraratna et al. 2012; Qian et al. 2015; Sweta & Hussaini 2019). The 
performance of the geogrid depends on the aperture size, the shape of apertures, rib 
thickness, the strength of the junctions etc. (Indraratna et al. 2019; Palmeira 2009). Even 
though geogrid can improve the lateral confinement, they are unable to reduce the energy 
transferred to the ballast layer and to attenuate the high level of vibrations generated by 
the rolling stock. Other artificial inclusions such as geocells, geotextile and 
geocomposites are mainly used to stabilise the subballast and subgrade layers. 
In recent years, stabilising ballasted track using elastic elements to overcome these 
challenges seems to be attracting more attraction. In the initial stage, rubber inclusions 
were used in rail tracks to mitigate noise and vibration, so their performance was analysed 
from a structural viewpoint, only a few studies were carried out to understand how these 
elastic elements impacted on the track substructure from a geotechnical perspective. In 
previous investigations, rubber inclusions such as rail pads, Under Sleeper Pads (USP), 
Under Ballast Mats (UBM), and tyre derived aggregates were considered to improve the 
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performance of ballast by reducing breakage and plastic deformation, as shown in Figure 
2.31. However, this study focused on improving the performance of ballast using USPs, 
existing literature on the use of USPs has been critically reviewed.  
Table 2.10: Proposed Solutions  
The proposed solution to 
improve track performance 
Relevant Studies 
Use of Geogrids 
(Biabani & Indraratna 2015; Fatahi & Khabbaz 
2011; Indraratna, Ngo, et al. 2012; Liu et al. 2016; 
McDowell et al. 2006; Ngo 2012; Ngo et al. 2014; 
Qian et al. 2015; Rahman et al. 2013; Shin et al. 
2002) 
Application of Geotextiles and 
Geocomposites 
(Anantanasakul et al. 2012; Indraratna et al. 2006; 
Indraratna et al. 2010; Indraratna, Nimbalkar & 
Neville 2014) 
Fibre Reinforcement (Ajayi et al. 2017) 
Geo-Cells 
(Biabani et al. 2016; Dash & Shivadas 2012; 




(Indraratna et al. 2005; Indraratna, Nimbalkar, et al. 
2009; Lackenby 2006; Lackenby et al. 2007) 
Revised Ballast Gradation 
(Indraratna et al. 2016; Nålsund 2010; Sun 2017; 


















2.10 Under Sleeper Pads (USP) 
2.10.1 Introduction 
Under sleeper pads or tie pads are placed between the sleeper and the ballast. These USPs 
vary in thickness from 7 -20mm depending on the material properties, application, and 
manufacturer. The use of rubber pads in railway tracks started in Europe around two 
decades ago for special applications such as vibration and noise attenuation, but as the 
demand for fast-moving and heavy haul trains is growing rapidly, under sleeper pads have 
become more and more popular all over the world (Johansson et al. 2008). USPs are 
usually made from materials such as polyurethane elastomers (HDPE), rubber, and 
thermoplastic polyester elastomers (TPE) (Paixão et al. 2015). It consists of two layers 
Rail Pads 
USP
UBM Tyre derived aggregates




where the outside layer acts as a protective cover over the inner layer. USPs can be glued 
or fixed to fresh concrete when the concrete sleepers are being cast. The latter type of 
USP has a wire mesh in the connection face as a special feature, unlike USPs that is glued 











2.10.2 Noise and vibration attenuation 
Noise and vibration are an unavoidable and unpleasant consequence of fast-moving 
trains. The mechanical vibration generated at the wheel/ rail interface is transmitted 
through the track foundation to the surrounding environment, as shown in Figure 2.33. 
This makes for a very annoying environment for residents in properties alongside the line. 
According to Sol-Sánchez, Miguel et al. (2015) these vibrations can be generated from 
three distinguishable sources; (i)  periodical movement due to fast-moving trains; (ii) long 
waves and short waves generated due to irregularities in the wheels and rail; (iii) 
irregularities in tracks such as differential settlement, hanging sleepers, and variations in 
stiffness, etc. The installation of USPs is one of the most common solutions used to 
mitigate noise and vibration. 
Figure 2.32 : Under Sleeper Pad (USP) stabilised ballasted track 














Zakeri et al. (2016) analysed the impact of USP in vibration and noise reduction in 
railways; he used soft and stiff USPs and found that USPs can attenuate vibration by up 
to 6.7dB. Furthermore, they observed that USPs are positively affected in the frequency 
range of 40–80Hz, so the optimum value is 50Hz. Mottahed et al. (2018) investigated the 
effects of USP on minimising vibrations on railway bridges through field experiments 
and found a maximum 58% reduction of induced vibration in a bridge deck due to the 
implementation of USP. According to a numerical investigation by Johansson et al. 
(2008), to minimise vibration in the rail and sleeper, rail bending should be minimised, 
and a stiff USP is the best. However they did conclude that to reduce forces on the sleepers 
(and thus ballast pressure), soft USPs would be appropriate.  
  
Figure 2.33: Noise and vibration generated by fast moving trains 
63 
 
2.10.3 Improved ballasted tracks using USP 
The use of USPs in ballasted tracks has been part of many dynamic and structural analyses 
to evaluate how well they reduce vibration and noise, as described in 2.10.2. These limited 
studies focused on the use of USPs from a geotechnical perspective, although some recent 
studies focused on improving the performance of track foundations using USP. 
2.10.4 The contact area at the sleeper ballast interface 
Granular layers in track foundations undergo substantial degradation and deformation due 
to the cyclic loads imparted by the heavy, fast-moving trains. Having an elastic layer 
between ballast and sleeper seems to be the best way to reduce stress on the ballast. USPs 
can increase the contact area at the sleeper ballast interface and thus reduce the transfer 
of stress to the ballast. A rubber surface will deform as it makes contact with the 
aggregates, but it does increase the area between the ballast and sleeper which helps to 
distribute the vertical forces onto a higher area and thus reduce the pressure (Lakušić et 
al. 2010). Abadi et al. (2015) investigated the contact area at sleeper ballast interface 
using different sleepers and USPs using a thin pressure paper consisting of micro-
encapsulated colour forming and colour developing materials. As shown in Figure 2.34, 
the introduction of USPs increased the number of contact points by 10% - 35%. They also 
noted that the increment of contact area with soft USP is higher than with a relatively stiff 
















Navaratnarajah (2017) adopted a similar method to investigate the contact area at the 
sleeper-ballast interface; they used the same pressure sensors and calculated the intensity 
of the contact area based on the shades of magenta. He also noted that the USP increased 









Figure 2.34 : Variation in the contact area between sleeper and 















According to Dahlberg (2010), the pressure at the sleeper ballast interface can be reduced 
significantly by using USPs in the track substructure. He also observed that due to high 
track stiffness, the load is only transmitted to a limited number of sleepers. Since USP 
improves track resiliency, the number of load-bearing sleepers has increased, and the 
stress inserted onto the ballast also decreases (Le Pen et al. 2018). Dahlberg reported that 
with soft USP, the contact force between sleeper and ballast could decrease by almost 
60%, but with a hard pad, it can only decrease by 15%, as shown in Figure 2.36. Loy et 
al. (2018) noted that USPs helped to preserve concrete sleepers from making a hard 
impression directly onto the ballast. According to them, an upper layer of the ballast 














2.10.5 Performance under cyclic load 
Sol-Sánchez et al. (2014); Sol-Sánchez, Miguel et al. (2015) carried out several studies 
with the end of life rubber tyres as under sleeper pads and found that an elastic layer at 
the sleeper ballast interface helps to reduce permanent deformation on the granular layers 
underneath.     They also noted the dynamic response of track under USPs with varying 
stiffness and with load frequencies of   5Hz and 10Hz.  As Figure 2.37 shows, the resilient 
displacement increased as the thickness of the pad increased, and the higher loading 
frequency led to an increase in displacement.  As the stiffness and thickness of the pad 





Figure 2.36: Variation of sleeper ballast contact force with USP type 





















Navaratnarajah et al. (2018) studied the behaviour of ballast in USP stabilised open track 
experimentally and numerically; they used a USP with Young's modulus of 6MPa to 
observe the behaviour of ballast under different loads (25and 35 tonne) and frequencies 
(15Hz and 20Hz). An increase in the load and train speed led to a large increase in lateral 
and axial strains, but the USP they used reduced the strain quite significantly.  According 
to Navaratnarajah et al. (2018), USP led to 19-29% reduction of vertical strain for 25-
tonne axle load and around 21% reduction for 35tonne axle load. Furthermore, USP also 
(a) 
(b) 
Figure 2.37: Variation of (a) Resilient displacement, and (b) Dissipated energy with pad 
thickness and loading frequency (Adopted from (Sol-Sánchez et al. 2014)) 
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helped to reduce the lateral deformation of ballast by 9-14% in both load cases, as shown 
in Figure 3.38. This study also revealed that USP could reduce ballast degradation by 
more than 50%. The experimental and numerical analysis in this study confirmed that 
USP helps to minimise stress on the ballast layer. 
 
 
Ferreira et al. (2018) evaluated the dynamic response of track structures equipped with 
USP in high-speed lines and emphasised that the design of railway tracks equipped with 
USPs must be based on rational design processes and must consider the dynamic response 
of installing particular combinations of flexible track components. They developed an 
optimisation procedure that considers combinations of rail pad and USP and showed that 
Figure 2.38: Variation of plastic deformation of the ballast layer in open track stabilised 
with USP (Adopted from Navaratnarajah et al. (2018)) 
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selected combinations could reduce the vertical acceleration of ballast (for all speeds 300-
400km/hr) by 30% compared to a track without USP.  
Li and McDowell (2018) carried out a discrete element simulation to evaluate the pad-
ballast interface under cyclic loads and found that the stress inserted on ballast can be 
reduced using USP and particle degradation can be minimised by adopting USP in track 



















With USP Without USP 
With USP Without USP 
Particle breakage locations 
Figure 2.39 : Variation of load distribution and number of breakage locations in 
ballast with and without USP (Adopted Li and McDowell (2018) 
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2.10.6 Performance under impact loads 
The effect of an impact is due to wheel and rail abnormalities and defects such as flat 
wheels, rail corrugations, etc. (Kaewunruen & Remennikov 2009a). Nimbalkar et al. 
(2012) investigated how shock mats (i.e., USP and UBM) in track substructure helped to 
attenuate the impact load and reduce ballast degradation using experimental and finite 
element analysis. They found that shock mats reduced the strain in the ballast layer with 
stiff and weak subgrades, and ballast degradation also decreased when USPs and UBM 
























Top 0.131 0.104 0.122 0.081 0.069 0.042 0.061 0.024
Middle 0.099 0.075 0.085 0.067 0.048 0.035 0.041 0.017











Stiff Subgrade Weak Subgrade 
Figure 2.40: Variation BBI under impact load (Data sourced from 
Nimbalkar et al. (2012)) 
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2.11 Other elastic inclusions that improve  the performance of ballast  
Other than the use of USPs, very few other elastic inclusions have been used in track 
substructure to improve the performance of the ballasted track.  Under ballast mats 
(UBM) and rubber derived aggregates are commonly used, resilient elements mentioned 
in the literature. Table 2.11 summarises previous studies by different researchers to 
improve the performance of ballast using UBM and rubber derived aggregates. Even 
though USP and UBM have similar applications, compared to USP, UBMs have several 
disadvantages. The main issue with the UBM is that it adversely affects the permeability 
of track substructure. With the time, fines entrap in the pores of UBM and gradually 
makes it impermeable and stiffer. As a result, the performance of the UBM is reduced. 
Moreover, compare to USP, UBM is comparatively expensive, and unlike USP, presence 
of UBM makes track maintenance more challenging (Abadi et al. 2019; Lakusic et al. 
2010).   
 
Table 2.11: Other Elastic elements used to improve ballast performance 
 Relevant studies 
UBM 
Indraratna, Nimbalkar, et al. (2012); Navaratnarajah et 
al. (2016); Navaratnarajah and Indraratna (2017); 
Nimbalkar and Indraratna (2016); Nimbalkar et al. 
(2012) 
Rubber Aggregates 
Esmaeili et al. (2017); Fathali et al. (2016); Sol-




2.12 Chapter Summary 
In conventional ballasted tracks, the ballast is the primary load-bearing platform; in fact, 
the longevity, stability and safety of railway tracks depend on the performance of the 
ballast layer. The properties of aggregate, the characteristics of the granular assembly, 
and the loading characteristics and artificial inclusions govern the behaviour of ballast 
under static and dynamic loading. With the introduction of fast and heavy trains, ballasted 
tracks face many challenges due to high stresses and high loading frequencies, which 
accelerate particle degradation. An increased rate of particle degradation escalates the 
plastic strain and adversely affects track geometry and safety, so to avoid rail accidents, 
more frequent track maintenance is required. Researchers have proposed many solutions 
to minimise ballast degradation and deformation and stabilise track substructure with 
elastic inclusions.  Rail pads, under sleeper pads, under ballast mats and rubber aggregates 
are the commonly proposed resilient elements in the literature to improve track 
performance.  Unlike other elements, under sleeper pads are easy to install and cheap. 
Most previous studies associated with under sleeper pads focused on noise and vibration 
attenuation in railway tracks, whereas the ability of USP to improve the performance of 
granular layers has barely been evaluated. Therefore this current study is focusing on 












Rail track substructure is directly influenced by factors such as the aggregate properties, 
the characteristics of the ballast layer and the presence of artificial inclusions (i.e. elastic 
mats, geosynthetic and geogrids, etc.) This chapter explains the laboratory experiments 
used in this research to investigate the degradation and deformation of ballast on stiff 
subgrades (tracks on concrete decks) with rubber pad at the ballast sleeper interface. Since 
the stress and strain of any granular layer are directly influenced by the shape and size of 
its constituent particles, scaling down the particle size gives erroneous results; this is the 
main drawback with conventional triaxial tests. Field trials to investigate the behaviour 
of ballast would appear to be an attractive solution to this problem. The higher 
expenditure, constricted accessibility, greater uncertainty and the sheer difficulty of 
controlling the parameters makes them an undesirable option for large numbers of 
experiments.  To solve this dilemma, a Process Simulated Prismoidal Triaxial Apparatus 
(PSPTA) has been designed and built at the University of Wollongong for large-scale 
testing, so in this study, a series of experiments of ballast under cyclic loading was carried 
out to investigate the impact of Under Sleeper Pads (USP) on rail track under varying 
axle loads and train speeds.  
An integrated substructure was constructed with field-scale material inside the test 
chamber of the PSPTA, and then experiments were carried out in two categories, as 
explained in the following sections. Details of this large-scale triaxial apparatus, 
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including the test materials, experimental methodology, cyclic loading and data 
acquisition are discussed in the subsequent subsections.  
 
3.2 Process Simulated Prismoidal Triaxial Apparatus (PSPTA) 
This Unique test facility was designed and built-in 1996 at the University of Wollongong 
for large-scale cyclic loading tests under real track conditions. This PSPTA has four main 
components: (i) a cubical triaxial testing chamber, (ii) an axial loading unit, (iii) a 
confining pressure control system, and (iv) an axial, lateral and longitudinal displacement 
monitoring system (Ngo 2012). A general view of this large scale testing apparatus is 
shown in Figure 3.1. The dimensions and the concept of this testing chamber replicate the 
influence zone (unit cell) of a standard gauge heavy haul train track in Australia, as shown 






 The dimensions and the concept of testing chamber replicate the influence zone (unit 










Figure 3.2: Arrangement of general track substructure and the concept of a unit cell 
(Modified after Indraratna, Biabani, et al. (2014a)) 
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The testing chamber has a width and length of 600mm and 800mm, respectively. These 
values were determined by the influence zone or the unit cell. The sleepers in a standard 
gauge Australian railway track are spaced 600mm apart, so by considering symmetry, the 
unit cell is 600mm wide.   The transverse length of this testing chamber was obtained by 
considering the effective load-bearing length of each sleeper per rail, which is one-third 
of its total length, as proposed by Jeffs and Tew (1991).  A standard concrete sleeper 
2400mm long. Therefore its effective length is 800mm. The test space is a true triaxial 
chamber where three mutually orthogonal independent stresses can be applied to a 
granular sample, as shown in Figures 3.3 and 3.4. 
The test chamber has four movable walls so the ballast sample can deform under an 
applied load and horizontal forces.  The hinges and ball bearings are lubricated to reduce 
friction and allow the vertical walls to move freely; each wall can move 50mm outwards, 
so the experimental area of the chamber can range from 600×800mm to 700×900mm. 
Confining pressure (𝜎2 and   𝜎3) can be applied to the sample by the hydraulic jacks 
attached to the wall, as shown in Figure 3.3; the load cells and LVDTs attached to the 
walls measure the pressure and position. The chamber is 600mm deep, which allows 
enough space for all the layers in track substructure to fit inside the test apparatus.   
A cyclic load is applied onto the rail by the servo-hydraulic actuator shown in Figure 3.3; 











Figure 3.4: Plan view and cross section of test chamber 
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3.3 Test Material 
3.3.1 Ballast 
The ballast used in these experiments came from Bombo quarry near the city of 
Wollongong, Australia; it consists of hard, flaky, unweathered, and dark Latite Basalt 
aggregates (a common igneous rock in this area).  The properties of these aggregates were 
tested and are summarised in the following Table 3.1. 
Table 3.1: Characteristics of Latite Basalt ( after Indraratna et al. (1998)) 
Parameter Results Recommendation  
Strength 
Crushing Strength 130 MPa - 
Point load index 5.39 MPa - 
Aggregate Shape 
Flakiness 25 % < 30 % 
Misshapen Particles 20 % < 30 % 
Durability   
Aggregate Crushing Index  12 % < 25 % 
Loss Angeles Abrasion Value 15 % < 25 % 
 
The ballast aggregates were washed with pressurised fresh water to remove the mud, dust, 
and dirt and then dried in air. The clean, dry ballast was put through 63mm, 53mm, 
37.5mm, 26.5mm, and 19mm size sieves to divide it into selected sizes, and then a  thin 
film of spray paint was applied to the surfaces to differentiate between the different ballast 
layers; this spray paint also helped to identify ballast breakage after the test.  Figure 3.5 
shows the steps taken to prepare the ballast for the experiments. Finally, the aggregates 




Ballast supplied by Bombo Quarry 
Clean Ballast- Categorised according to particle size 
Sieving Washing  
Drying  
Applying spray paint  Colour coded ballast  








3.3.2 Under Sleeper Pads (USP) 
Three types of commercially available USPs were used for this study. The pads were 
made from polyurethane polymer and were 10mm thick.  The properties of the USPs used 
in these experiments are summarised in table 3.3. The rubber pads were glued in 
accordance with the specifications provided by the USP supplier. 
 
 
𝑑𝑚𝑎𝑥 𝑑𝑚𝑖𝑛 𝑑50 𝐶𝑐 𝐶𝑢 
63 mm 19 mm 45 mm 1.57 1.01 





















Table 3.3: Mechanical Properties of USPs 
Material : Polyurethane polymer 
Dimensions of the sleeper pads  :200 mm x 680 mm 
Tear strength of the connection between 












1 10 420 0.22 0.48-0.59 
2 10 420 0.15 0.41-0.52 













Figure 3.7: Under Sleeper Pads (USP) 
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3.4 Test Procedure 
3.4.1 Set up of sample in the PSPTA 
Since this study aimed to evaluate the behaviour of ballasted track in the stiff subgrade, 
the test sample was assembled inside the chamber in the same way as real tracks.  To 
simulate a stiff subgrade (such as bridges, tunnels, and road crossings), a concrete deck 
was used as the base of the test chamber, as shown in Figure 3.8(a). The dimensions of 
the concrete block were selected in consonance with the plane area of the testing space 
and therefore the height, length, and width of the concrete base was 150mm by 790mm 
by 590mm, respectively. A pressure plate was then placed at the centre of the concrete 
base, as shown in Figure 3.8(b), and then three 100mm thick layers of fresh ballast 
prepared as described in section 3.3.1 were laid as shown in Figure 3.8(c); note that each 
layer was compacted by a vibratory compactor (to avoid any damage a rubber pad was 
attached to the vibration plate). In order to replicate exact field conditions, the unit weight 
and void ratio of the ballast were kept at field densities and void ratios of 15.4 kN/m3 and 
0.72, respectively (Indraratna et al. 2011). The sleeper and rail assembly were then placed 
on top of a 300mm thick layer of compacted ballast (with or without USP, depending on 
the test), as shown in Figure 2e, and then the space remaining around the concrete sleeper 
was filled with shoulder ballast. The instrumentation and procedure for acquiring data are 









Figure 3.8:  (a) Installing concrete deck; (b) Placement of pressure cell; (c) Compacting ballast; (e) Placing concrete sleeper and rail assembly; 
(e) Final arrangement of test chamber 
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3.4.2 Instrumentation and data acquisition  
The ballast sample was monitored by a set of instruments coupled with the PSPTA and 
data was acquired through two data loggers fixed to the apparatus.    The pressure at 
different parts of the test set up was measured by pressure cells, while load cells attached 
to the main actuator and moving walls measured the vertical load and the load applied to 
the side walls.  LVDTs attached to the actuators and lateral walls have provided the 












Four settlement pegs were installed on top of the ballast layer to measure its permanent 
displacement, whereas its deformation was recorded manually at the end of required load 
cycles using a ruler and laser beam, as shown in Figure 3.10. These settlement pegs are 
10mm diameter steel rods attached to thin steel base plates (100 ×100 mm); their lengths 
depend on where each peg will be placed. The laser beam sets the datum levels for the 






















The position of the sleepers was measured by the potentiometers, as shown in Figure 3.11. 
The settlement pegs help to monitor the overall behaviour of the ballast at the end of a 
pre-selected number of cycles (dilation and compression), while the data acquired from 
















Laser Beam Reflector 
Figure 3.10: Settlement Peg 
Figure 3.11: Potentiometer 
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The lateral and longitudinal displacement of the testing chamber can be obtained from the 
LVDT (Linear Variable Differential Transformers) movable walls. 
All the readings from the instruments mentioned above were recorded before applying a 
cyclic load, so the data was recorded at 1200Hz after 100, 500, 1000, 5000, 10000, 20000, 
50000, 100000, 200000, 300000, 400000, 500000 load cycles. To improve the accuracy 
and avoid losing data,  two independent data loggers with two host computers were used, 







Figure 3.12: Data loggers and host computers 
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3.5 Characteristics of cyclic loads  
The cyclic load experienced by ballast when a train is running on the track was simulated 
in the laboratory using PSPTA. Figure 3.13 shows the harmonic sinusoidal loading 
applied onto the sleeper rail assembly by the dynamic actuator. A strain control load was 
applied initially until the applied stress reached a mean cyclic stress 𝜎𝑐𝑦𝑐,𝑚𝑒𝑎𝑛
′  at a rate of 
1mm/ sec. The stress control load consisted of a conditioning phase and a loading phase. 
In the conditioning phase, a low-frequency cyclic load was applied for up to 100 cycles. 
There must be a conditioning phase prior to a loading phase to ensure that the sleeper 
makes complete contact with the ballast because the actuator can be damaged if it loses 















Conditioning phase (5Hz) 
Loading phase  







Figure 3.13: Applied cyclic load 
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The amplitude “A” of the cyclic load is equivalent to half the difference between the 





′ ]). The total 




 Eq. 3.1 
where Cm = number of cycles per million gross tonnes (MGT); At = axle load in tonnes; 
and Na = number of axles/load cycles. If 50MGT of annual traffic tonnage with four axles 
per load cycle is considered, an axle load of 25tons gives 500,000 load cycles. Therefore, 
in this set of experiments, a cyclic load of approximately 500,000 cycles was applied. The 
magnitude of 𝜎𝑐𝑦𝑐,𝑚𝑎𝑥
′  (230kPa) and 𝜎𝑐𝑦𝑐,𝑚𝑖𝑛
′  (30kPa) was determined using Equation 3.2 
(Li & Selig 1998; Salim 2004; Sun et al. 2015) and field investigations were carried out 
by Indraratna et al. (2010) for coal trains with a 25ton axle load. 
 
 𝜎𝑚𝑎𝑥,𝑐𝑦𝑐 = (
3𝑃
𝐵𝑙
)𝐹   Eq. 3.2 
 
where, P is the maximum rail seat load for a train with a 25ton axle load. Assuming that 
40% of the load is transferred to the sleeper directly below the wheel, then P = 
0.4*25/2*9.81=49kN. B (width of the sleeper) and l (length of the sleeper) is 0.26m and 
2.5m, respectively. F is a factor which depends on the quality of the track and the 
properties of the sleepers, so for this calculation F is considered to be 1, and the maximum 
cyclic stress can be calculated as follows (Equation 3.3). 
 𝜎𝑚𝑎𝑥,𝑐𝑦𝑐 = (
3×49
0.26 ×2.5 




The actual field confinement (𝜎′3) was generated due to the weight of shoulder ballast 
applied onto the ballast through the lateral walls of PSPTA.  
If a long straight rail track is considered then displacement in a longitudinal direction 
would be negligible, so the walls of the testing chamber were locked to restrict 
longitudinal movement, thus making 2 = 0. The loading frequency was calculated by 
considering the distance between the last wheel of the front bogie, the first wheel of the 
next bogie, and the train speed. The loading frequencies considered here were 15, 20 and 
25 Hz, which represents a train travelling at 109km/h, 145km/h, and 182 km/h 
respectively. Details of this experimental laboratory program are summarised in Table 
3.4. 
 
Table 3.4: Laboratory experiment programme 
Test series 1: Varying Frequency ( Axle Load 25ton) 
Test No Frequency(Hz) UPS Included 
Properties of USP 
(Stiffness and 
Thickness) 
1 15 No - 
2 15 Yes 0.22N/mm3 , 10mm 
3 20 No - 
4 20 Yes 0.22N/mm3 , 10mm 
5 25 No - 
6 25 Yes 0.22N/mm3 , 10mm 
Test series 2: Varying USP stiffness 
Test No Frequency (Hz) UPS Included 
Properties of USP 
(Stiffness and 
Thickness) 
1 15 No - 
2 15 Yes 0.22N/mm3 , 10mm 
7 15 Yes 0.15N/mm3 , 10mm 




3.6 Use of Matrix-based Tactile Surface Sensors (MBTSS) for pressure 
measurements 
The sleeper- ballast interface is where the super-structure and sub-structure are connected, 
so it is therefore imperative that any variations in pressure between the sleeper and ballast 
must be measured in order to understand how the stress is distributed. Most previous 
studies used metal pressure at the tie-ballast interface (Navaratnarajah et al. 2018; Ngo 
2012), but these pressure plates cannot measure the pressure under the entire sleeper 
because their sensing area is limited.  Moreover, these rigid, 10mm thick steel plates also 
increase the stiffness of the track assembly, which means the measurements are not entirely 
accurate.  
 One solution has been the use of a matrix-based tactile surface sensor (MBTSS) to measure 
the pressure and contact area at the sleeper-ballast interface accurately (McHenry et al. 
2015). MBTSS is a thin film sensor that is usually 0.1mm thick; it consists of two thin 
sheets of flexible polyester sheets with conductive silver ink printed on it as rows and 
columns, as shown in Figure 3.14. The space between two consecutive rows or columns is 
different from one type of sensor to another and usually varies between 0.6mm -17mm.  
Pressure-sensitive semi-conducting material was applied to the internal surface of the silver 
rows and columns, and two sheets are sandwiched together to form a grid (matrix). When 
a force is applied, the upper sensor sheet and the lower sheet will touch each other, and the 
electrical resistance generated at the contact point of rows and columns is inversely 
proportioned to the normal force applied (McHenry 2013). These sensors have a complex 
microprocessor-based circuit system to manage the scanning sequence, frequency, and 
sensitivity. Figure 3.15 shows the sensing system in a simplified schematic diagram. The 
point where the columns and rows intersect is called the sensel (ie.sensing area) and the 
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Figure 3.14: Matrix-based Tactile Surface Sensors 
Figure 3.15: System scanning electronics function 
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3.6.1 Components of an MBTSS system 
The pressure and contact area data acquisition system used for the experiments is shown 
in Figure 3.16. The sensor was connected to the host computer by a versatek handle and 
an eight-port hub, as shown in the figure. All the details of the sensor, handle, 8-port hub 














3.6.2 Calibrating Sensors 
 
The multi-point calibration technique was adopted to calibrate the sensors used in this 
study. The sensors were calibrated prior to the experiments using small ballast box. The 
sensors were placed in the bottom of the box, and 100mm thick ballast layer was placed 
on it. A Flat steel plate was placed above it and of static loads series (i.e. 5kN, 10kN, 
20kN, 30kN, 50kN and 70kN) were applied on the steel plate to calibrate the sensors. The 
MBTSS 
Versa Tek- Handel 
Versa Tek 8-Port 
Host Computer 
Figure 3.16: MBTSS System 
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multi-point algorithms provided by the software programme were able to seek the best fit 
to calibration relationship depend on the applied load, contact area and the number of 
sensing points. 
3.7 Chapter Summary 
This chapter described the methodology used to investigate the impact of using USP in 
ballasted tracks on the stiff subgrade.   The tests were carried out in a large-scale process 
simulation triaxial apparatus (PSPTA) designed and built at the University of 
Wollongong.  The    features of the PSPTA and the properties of the materials (ballast 
and USP) used for these experiments were explained in this chapter, and the test setup 
procedure, cyclic load calculations details of the innovative pressure and contact area 
measuring techniques used to monitor the ballast-tie interface with MBTSS were 





 PERFORMANCE OF BALLAST 
WITH UNDER   SLEEPER PADS (USP) 
 
4.1 Introduction 
This chapter presents the results and discussion of a series of tests carried out using large-
scale triaxial apparatus (PSPTA) where the impact of under sleeper pads (USP) was 
evaluated under loading frequencies of 15Hz, 20Hz and 25Hz that represent train speeds 
of 109km/h, 145km/h and 182 km/h respectively. The strain, vertical and lateral 
deformation, variations in pressure, and the degradation of ballast with and without USP 
obtained from experimental data are presented and discussed in the following sections. 
4.2 Vertical and Lateral Deformation 
The stress-strain response of ballast (with and without USP) under different loading 
frequencies was evaluated in the first large-scale triaxial test series that were described in 
Chapter 3. Six tests took place with and without USP, and at the end of each test the 
permanent deformation that had accumulated after 100, 500, 1000, 5000, 10000, 20000, 
50000, 100000, 200000, 300000, 400000, 500000 load cycles was measured, and then 
the corresponding vertical ( 1) and lateral ( 3) plastic strains were also measured.  These 
measurements were obtained from potentiometers fixed to the sleeper to measure its 
position and from settlement plates placed on top of the load-bearing ballast. LVDTs 
attached to the movable walls indicated the position of the lateral boundaries, and thus 
the lateral movements of the ballast sample were obtained. 
Figure 4.1 shows the vertical and lateral deformation of ballast with and without USP; 
the ballast deformed rapidly after the first 10,000 cycles, and in all six cases, there was a 
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rapid accumulation of plastic strain. The laboratory results indicate that after 10,000 
cycles, the rate of deformation gradually decreases, and the ballast stabilises after 100,000 
load cycles. This rapid increase of permanent deformation in the initial load cycles is due 
to a rearrangement of aggregate particles and the breakage of angular projections of flaky 
aggregates (Indraratna & Nimbalkar 2013). During this period the granular layer becomes 
denser as the ballast particles compact, and then permanent deformation gradually 
increases as the ballast reaches its optimum density where aggregates are either crushed 
or broken; the rate at which plastic strain accumulates then decreases as the rate of particle 
breakage and densification diminishes. Moreover, according to  Figure 4.1, an increase 
in train speed (increased frequency) also increases the vertical and lateral deformation  as 
well as the vertical and lateral plastic strain ( 1 & 3), but the kinetic energy generated 
due to increasing train speed also increases and higher levels of energy are imparted to 
the track foundation. Ballast breakage, as well as the rearrangement of particles and more 
compaction, leads to a significant increase of irrecoverable deformation.   
Figure 4.2 shows that under sleeper pads actively reduce permanent vertical and lateral 
permanent because rubber pads inserted at the ballast sleeper interface absorb energy and 
thus reduce the amount of energy imparted to the granular layers. These pads also help to 
reduce the vibration generated by higher loading frequencies and also curtail plastic 
deformation.  According to the experiment results, the USPs reduced the vertical 
permanent vertical deformation (Sv ) by up to 47-16% and permanent lateral deformation 
(SL) by up to 55-21%. This indicates that USP is an ideal way of reducing the 
























  Figure 4.1:Variation of vertical and lateral plastic deformation with 




















4.3 Volumetric and Shear Strains 
The average vertical strain of a ballast layer is calculated based on differences between 
settlement (normalized to the original dimensions) at the sleeper and ballast interface, as 
measured by the settlement pegs. The average lateral strains parallel to the sleeper were 
then calculated using the lateral displacement of the vertical walls that were measured by 
potentiometers. The volumetric strain (εvol) and shear strain can then be calculated using 
equation 4.1-2. 
εvol =  ε1 + ε2 + ε3   Eq. 4.1 
Figure 4.2: Variation of permanent deformation with loading 
frequency and percentage reduction of deformation  
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  εs =  
√2
3
{√(ε1 − ε2)2 + (ε1 − ε3)2 + (ε2 − ε3)2      }     Eq. 4.2 
 
The longitudinal movement of particles perpendicular to the sleeper is insignificant, and 
thus the movement of the longitudinal boundaries in the triaxial chamber has been 
restricted. Therefore, in a plane strain condition, ε2 = 0 and Eq 4.1 and 4.2 can be 
modified as 
 εvol =  ε1 + ε3      Eq. 4.3  
εs =  
√2
3
{√ε12 + ε32 + (ε1 − ε3)2      } Eq. 4.4 
 
Variations in the shear strain and volumetric strain with regards to the number of load 
cycles are shown in Figure 4.3. As explained in section 4.1.1, rapid changes take place in 
the volumetric and shear strains within first 10,000 cycles, but then the rate of strain 
accumulation gradually decreases and ballast sample become almost stable after 100,000 
cycles. Furthermore, an increase in the loading frequency leads to the rearrangement and 
deformation of the ballast assembly and a significant increase in strain.   According to the 
results shown in Figure 4.4, USPs help to reduce the volumetric strain from 15-45% and 
shear strain from 16-48%, but with an increasing train speed the impact that USPs have 
on the performance of ballast tends to decline; essentially, the strain decreases because 
the volume of ballast decreases as it breaks, and the particles are rearranged due to USP. 
It can, therefore, be concluded that USPs have more influence on the degradation, void 








Figure 4.3 Variation of Volumetric and shear Strain with the 





















4.4 Resilient Modulus 
The resilient modulus (𝑀𝑟) characterises the elastic behaviour of granular materials (Li 
& Selig 1994); it is the ratio between ∆𝜎𝑐𝑦𝑐 , (the differences between the maximum cyclic 
deviator stress (𝜎𝑐𝑦𝑐,𝑚𝑎𝑥
′ ) and minimum cyclic deviator stress(𝜎𝑐𝑦𝑐,𝑚𝑖𝑛
′ )), and 1𝑟 
(recoverable axial strain during unloading). The resilient modulus of ballast was 
Figure 4.4: Variation of volumetric strain and shear strain with 
loading frequency and reduction of strain owing to USP 
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calculated after 500, 1000, 5000, 10000, 20000, 50000, 100000, 200000, 300000, 
400000, 500000 load cycles, and the variation of Mr with the number of cycles is 
summarised in Figure 4.5. Note the rapid increment of 𝑀𝑟 up to 100,000 cycles, but after 
100,000 cycles the rate of increase in Mr declined. This rapid densification of ballast in 
the initial load cycles is due to rapid particle breakage and rearrangement that increased 
the density of the ballast layer. As a result, there is a rapid increase in stiffness and a rapid 
increment in 𝑀𝑟 at the beginning, but after 100,000 cycles the ballast became more stable, 
and the resilient modulus decreases.  Lackenby et al. (2007) and Bian, Jiang, et al. (2016) 
also studied  the resilient modulus of ballast under cyclic loading and found similar 
responses such that higher frequencies generated higher vibrations in the granular layer 















Figure 4.5: Variation Resilient Modulus with loading frequency 
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Figure 4.5 shows that USP reduces the resilient modulus of the overall track substructure 
because of the additional resiliency generated by the rubber pads. Even though USPs help 
to minimise the permanent strain, any reduction of track stiffness increases the 
recoverable strain (Figure 4.6).  When the recoverable strain is compared with and 
without USP under equal ∆𝜎𝑐𝑦𝑐 , the 𝑟 (with USP) is greater than 𝑟 (without USP), 
therefore the resilient modulus of the ballast layer with USP is lower than when there was 
no USP. 
Indraratna et al. (2017) and  Signes et al. (2015) studied the effect of rubber crumbs in 
granular media and indicated that increasing the percentage of rubber reduces the resilient 
modulus of the granular layer. This confirms the results obtained for resilient modulus 










The experiments indicate that USPs reduce the resilient modulus by approximately 12.8 
-9.8 %, depending on the train speed. This can be of advantage in locations with abrupt 
changes of vertical stiffness such as bridges and tunnels, etc. The vertical stiffness of track 
is very high in areas with stiff subgrades; this is the main reason for differential settlement 












Figure 4.6: Stress and strain of ballast with and without USP 
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vertical stiffness along a track and found that the stiffness on bridges is approximately 
twice as much as at the embankment. Figure 4.7 shows that stabilising a ballasted track 
on stiff subgrades helps to smooth the variations of vertical stiffness along the track. 
 
These experiments also indicated that an increase in the loading frequency could increase 
resilient modulus. Similar behaviour was observed by Sun et al. (2015), so they proposed 
an empirical relationship (Eq.4.5) which confirmed that the resilient modulus is 
influenced by the loading frequency and stress inserted on the ballast. 
                                                       𝑀𝑟 = 𝑚 × 𝑓
𝑛 + 𝜃𝑡   Eq. 4.5 
where f=loading frequency, 𝜃 = 𝜎′1 + 𝜎′2 + 𝜎′3 and m, n, and t are empirical 
parameters. This equation can be developed further using the impact of USP shown in 
Eq.4.6.   
 𝑀𝑟 = 𝑚 × 𝑓
𝑛 + 𝜃𝑡 − (1 − 𝑎) × 𝐾  Eq. 4.6 
Figure 4.7: Variation of the vert Track modulus along the track 
(Data sourced from Li et al. (2010)) 
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where f =loading frequency,θ=〖σ^'〗_1+〖σ'〗_2+〖σ'〗_3,  and a = 1 for the case of 
without USP and a=0 for the case with USP.  K, m, n, and t are empirical parameters that 












4.5 Energy Absorption Capacity and damping ratio 
The energy that rolling stock generates travels to the ballast layer, and since this is the 
primary load-bearing platform, the ballast then reduces and distributes this energy to the 
surrounding environment and the foundation layers (Esveld 2001). Depending on the 
degree of cyclic loading, ballast exhibits hysteresis responses, so the energy it dissipates 
during a loading/unloading loop can be calculated using the stress-strain plot in ASTM 
D3999 (2003). Figure 4.9(a) shows that the energy is dissipated per load cycle is 
proportional to the area of the loop, as represented by the energy per unit volume in the 
loading-unloading cycle. The damping ratio is proportional to the ratio of energy 
dissipated and stored during the loading-unloading cycle, as shown in Figure 4.9(a). The 
Figure 4.8: Variation of Mr with loading frequency 
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amounts of energy consumed per load cycles (𝐸𝑡𝑜𝑡𝑎𝑙) and the damping ratio are shown in 
Figure 4.9(b) and 4.9(c). In all loading frequencies and regardless of the presence of USP, 
there is a higher dissipation of energy in the initial load cycles as the particles are 
rearranged and then break.  As the ballast stabilises, the energy dissipated in each load 
cycle decreases and any variations in the number of load cycles is insignificant. 
Moreover, the energy transmitted to the ballast increases as loading frequency increases 
because fast trains generate more kinetic energy. However, higher levels of energy 
increase plastic sliding and particle breakage and thus, there can be a higher dissipation 
of energy in the ballast layer. The introduction of USP increases the dissipation of energy 
because it acts as a shock absorber and damps energy before it can be transmitted to the 
ballast. Therefore, an elastic pad helps to dissipate more energy into the ballast without 
damaging it, and less stress is transferred to the adjacent environment; moreover,  USPs 
can also lead to an increment in the damping ratio of track substructure. Navaratnarajah 
and Indraratna (2017) also observed similar degrees of energy dissipation and damping 
ratios under various loading frequencies for ballasted track stabilised with under ballast 
mats(UBM), while Sol-Sánchez, M et al. (2015) observed improvements in railway 


































Figure 4.9: (a) Schematic of a typical hysteresis loop and method of calculating damping ratio, D; 
(b) Variation of damping ratio; and (c) Variation of energy dissipation, Ed  
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4.6 Contact area and pressure measurements at the ballast-sleeper 
interface 
The interface between sleeper and ballast generally has higher stress because the low 
contact area between the aggregates and a hard concrete surface can cause more damage 
to the ballast aggregates at the interface. This means the pressure and the contact area at 
the sleeper-ballast interface must be measured before taking any remedial actions. Matrix-
based Tactile Surface Sensors (MBTSS) were used in this study to measure the pressure 
and contact area at the sleeper-ballast interface.  
The contact area and pressure at the sleeper-ballast interface under a 25-tonne axle load 
and with and without USP were measured, and based on the pressure contours from the 
MBTSS (Figure 4.10 and 4.11), it is clear that USPs significantly improve the contact 
area. When the ballast is in contact with a sleeper, the stress is very high due to the limited 
contact areas with aggregates. The high-stress concentration points which directly affect 
the durability of particles are visible, and they can cause particle breakage. The contact 
area between sleeper and ballast was only 18% without USP, but this increased to 50% 
with USPs.  Aggregates that penetrate USPs increase the contact area, which then leads 
to a large reduction in the contact stress. Moreover, the inclusion of USP improves the 
uniform distribution of stress and the contact area at the sleeper /ballast interface.
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3D Contour 3D Wireframe 
Pressure Distribution under a sleeper with USP 
3D Wireframe 
Pressure Distribution under a sleeper without USP 
3D Contour 
Figure 4.11: Pressure distribution under a sleeper with and without USP 
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4.7 Ballast Degradation 
Ballast degradation is where properties such as particle shape, angularity and gradation 
etc., change with usage. It is necessary to evaluate the degradation of ballast because it 
affects the accumulation of strain and settlement of the ballast layer (Qian et al. 2017). 
To visually identify this degradation, the aggregates were covered with a thin film of 
spray paint.  Figure 4.13 shows the condition of the ballast aggregates before and after 
testing. The increment of the finer fraction is visible, and the breakage of angular 
projections is observed. Raymond and Diyaljee (1979) found that three mechanisms cause 
particle breakage, namely; (i) Abrasion (grinding off to fine particles), (ii) Attrition 
(Damage to the angular projections of the flaky aggregates), and (iii) Fracturing ( Split 
into two particles). Similar breakage pattern is observed in this experimental series, as 
shown in Figure 4.14. 
Ballast breakage can be quantified using the ballast breakage index (BBI) proposed by 
Indraratna et al. (2005). Figure 4.15 shows the variations of BBI with loading frequency 
and the effect of using USP to stabilise track substructure. The experiments indicated that 
USPs reduce particle degradation quite significantly; however, an increase in train speed 
led to a gradual increase in the BBI and the loading frequency, whether or not USP is 
used. The level of energy transmitted to the ballast increases with the train speed, and as 
a result, there is greater degradation under a high loading frequency. There is a substantial 
reduction in particle breakage when USPs are present (they reduced the BBI by 50-60%) 
because they absorb part of the energy transmitted to the ballast. Therefore the stress 
imparted onto the aggregated particles decreases, as does the subsequent abrasion, 
attrition, and breakage. Moreover, the contact area between sleeper and ballast helps to 
reduce the pressure that develops on the ballast, and therefore, there is a reduction in 
ballast degradation. The test results were confirmed by repeating the tests. Moreover, a 
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similar study conducted by Navaratnarajah et al. 2018 for UBM has presented the same 
behaviour for BBI. Due to high time requirement per test and equipment availability 















Grinding off to fine particles (Abrasion) 
Angular projection breakage (Attrition) 
Split in to two (Fracture) 
After test Before test 
Figure 4.12: Condition of the ballast before and after experiment 





























Figure 4.14: Variation of Ballast Breakage Index with loading frequency 
and Reduction of BBI with the introduction of USP  
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4.8 Chapter Summary 
This chapter presented the results and discussion of the large-scale triaxial test carried out 
to evaluate the performance of ballasted on stiff subgrade stabilised with USP under 
various loading frequencies.  Three loading frequencies (15Hz, 20Hz, and 25Hz) were 
considered, and the results for each frequency were then compared to scenarios with and 
without USP. These experiments confirm that USP helps to reduce plastic strain 
significantly, and while increasing train speeds caused more damage to the granular layer, 
USP helps to mitigate the damage.  
The introduction of USP also reduces overall track resiliency, but it is better at reducing 
any abrupt variations of vertical stiffness along the track and reducing differential 
settlement.  These results indicated that USP acted like a shock absorber and reduce 
ballast degradation by more than 50%. This chapter also presented the measurements of 
the pressure and contact area obtained from matrix-based surface sensors. These 
outcomes show that USP increases the contact area between sleeper and ballast and also 
reduces the pressure at the sleeper-ballast interface.   The pressure maps obtained from 
the MBTSS indicate that USP can to distribute the load more uniformly. In summary, the 
use of USP in ballasted railway track on stiff subgrade is an ideal way to reduce ballast 
degradation and deformation under cyclic loading because any reduction of deformation 
and particle breakage will increase the life of the ballast and thus reduce the frequency 




 EFFECT OF USP PROPERTIES 
ON BALLAST PERFORMANCES 
 
5.1 Introduction 
There are several manufacturers worldwide who supply under sleeper pads (USP) for the 
current market, so there is a large variation of under sleeper pads commercially available. 
These pads can be glued to the sleeper (concrete, timber or steel) or pre-fitted to during 
the manufacturing stage.  The mechanical properties of USP vary according to type, 
depending on their application.   
Commercially available USPs come with different geometries, stiffness, and thickness, 
which makes it a challenging proposition to select the most suitable USP for a given 
application. The results given in the previous chapter proved that USPs could improve 
the performance of the ballasted track by reducing breakage and plastic deformation, but 
since only one type of USP was considered, it is important to understand how their 
behaviour changes according to their properties. This chapter presents the results of an 
analysis carried out to evaluate the impact that the stiffness of USPs has on the 
performance of the ballasted track from a geotechnical perspective. The elastic modulus 
of a material is unique it does not deviate with the geometry of a structure; this means 
that stiffness can be defined as the property of a structure or component of a structure that 
depends on the material properties and its dimensions. Accordingly, the stiffness of a USP 




 Eq. 5.1 
where A is the cross-sectional area, E is Young’s modulus of the material and tu is the 
thickness of the pad (Figure 5.1). In this study, there different USPs were selected with 
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the same thickness and cross-section area, and the stiffness variation was considered 








5.2 Vertical and Lateral Deformation 
Large scale triaxial tests were carried out on a stiff subgrade to compare the deformation 
of ballast when the stiffness of the USPs varied. These tests were carried out under a 
constant axel load of 25tonnes and loading frequency of 15Hz. Different pads were tested 
(Soft pad; ku ≤0.1Nmm
-3, Medium; 0.1 < ku ≤0.2Nmm
-3, and Stiff pad; ku> 0.2Nmm
-3) 
and then the results were compared to a condition with no USPs.  These tests investigated 
how the stiffness of USPs would affect the deformation and degradation response of 
ballast.   
Figure 5.2 shows how the vertical and lateral deformation of ballast varies depending on 
the stiffness of the pads. In all four cases, there is a rapid accumulation of plastic strain 
in the initial load cycles (up to around 10,000 cycles), but then the rate of deformation 
decreases and the ballast stabilises after 100,000 cycles.  Section 4.2 explains that the 
behaviour of this ballast is due to the loose state of fresh ballast in the beginning. When 
a load is applied, the particles are further compacted and rearranged, which can lead to 




Figure 5.1: Axial compression of USP 
117 
 
compacted to its optimum state and therefore, the rate of strain accumulation decreases. 
Any further increase in permanent deformation is caused by ballast breakage.   
According to Figure 5.2, all three USPs can reduce the permanent lateral and vertical 
deformation, but stiff pads perform better than the medium-soft and very soft pads. When 
the performance of ballast with stiff pads is compared to ballast without USP, there is a 
huge reduction in permanent strains compared to the other two pads. These results 
indicate not every type of USP can improve the lift of ballast life.  Stiff pads will absorb 
larger amounts of energy generated by the passage of trains and reduce the energy 
transmitted to the ballast better than softer pads; this means the accumulation of plastic 
strain is much lower in ballast with stiff USPs.  
Figure 5.3 shows the variations of the final total settlement at the end of 500,000 load 
cycles depending on pad stiffness. Stiff pads reduced the vertical and lateral deformations 
by approximately 50%, unlike ballast without USP. The impact made by USPs decreased 
with their stiffness, and with soft pads, the vertical and lateral strain decreased by 
approximately 15%. This result means that stiff pads are best at reducing plastic 
deformation in ballast, whereas stiffer pads improve the life of ballast better from a 
geotechnical perspective. Furthermore, the use of UPS to stabilise ballast reduced ballast 
degradation and deformation quite significantly; this can also reduce the frequency of 
track maintenance and lead to huge cost savings. 
In general, a stiffer USP may sustain a greater load just below the sleeper base and effectively 
control the propagation of load with depth. This means that much of the ballast deformation 
contributing to the overall track substructure settlement will occur in the proximity to the 
sleeper-ballast interface. Compared to a very rigid (stiff) inclusion, a more flexible USP (due 
to its relatively small thickness of 10 mm), while reducing the stress concentration at the 
sleeper-ballast interface (attributed to the increased contact area with ballast surface), will 
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distribute a higher vertical stress to a greater depth of the ballast layer. Consequently, the 
overall deformation of the track substructure should increase while causing a greater zone of 
particle breakage across the ballast layer.  In contrast, an excessively high USP stiffness can 
also give an unfavourable result. An overly rigid USP will not significantly increase its 
contact area with the ballast surface upon loading, causing non-uniform elevated stresses at 
the interface, and this can induce considerably higher particle breakage.  This, in return, will 
increase the overall ballast compression in subsequent load cycles, as broken (finer) grains 
























































Figure 5.3: Final plastic deformation with varying USP stiffness and 
reduction of deformation with the implication of USP 
0. 0. 0. 0. 
0. 0. 0. 0. 
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5.3 Volumetric and Shear Strains 
The volumetric and shear strains of USPs with varying stiffness were analysed using a 
similar method to that described in section 4.3. In a plane strain condition where ε2 = 0 
the volumetric strain and shear strain were calculated using equations 4.3 and 4.4.  Figure 
5.4 shows that the volumetric strain and shear strain of ballast stabilised with different 
types of USP vary depending on the number of load cycles, but regardless of the stiffness 
of USPs, the volumetric and shear strains accumulated rapidly during the initial 10,000 
load cycles due to the rearrangement of particles, but then the build-up of strain decreases 
and the ballast become more stable after 100,000 cycles. There is a slight increment of 
volumetric strain and shear strain in the stabilised zone due to continuous particle 
breakage from the cyclic load. As with the lateral and vertical strains, stiffer pads lead to 
the highest reduction in volumetric and shear strain, and ballast layer with USP performs 
better than ballast without USP, although the impact of USP decreases as the pads become 
more inflexible. Figure 5.5 shows the ultimate volumetric and shear strain at the end of 
500,000 load cycles; here the hard pad reduced the volumetric and shear strain of the 
ballast at the end of 500,000 load cycles by approximately 50% compared to ballast 
without USP, but the impact of USP decreases as the pads become softer and the 
volumetric and shear strain decreased by approximately 20%. Similar to section 5.2, it 
can be concluded from these results that stiff pads are better than soft pads at reducing 




























Figure 5.4: Variation of volumetric and shear strain of ballast 




















5.4 Track Resiliency 
Variations of the resilient modulus of ballast were measured under cyclic loading and 
with USPs of varying degrees of stiffness, as shown in Figure 5.6.  Section 4.4 describes 
how the inclusion of USP under a sleeper increases the flexibility of track because it 
reduces the resilient modulus of the track. There is a rapid increase in the resilient 
modulus of ballast during the initial load cycles due in the degree of density. The rate of 
change of track resiliency, Mr decreases after 10,000 cycles, and after 100,000 load 
cycles, the variation of Mr is comparatively insignificant. The slight increase in Mr in the 
Figure 5.5:  Final volumetric and shear strain with varying USP 
stiffness 
0. 0. 0. 0. 
0. 0. 0. 0. 
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stable zone with the number of load cycles is due to continuous ballast degradation that 
occurs under cyclic loading. Figure 5.6 shows how the decrease in pad stiffness leads to 
a greater reduction in the resilient modulus; this is due to stress-strain response of ballast 
stabilised with USP (Figure 4.6). As the stiffness of the pad reduces the recoverable strain 
increases under the same load, as shown in Figure 4.6. Therefore Mr (the ratio between  
∆𝜎𝑐𝑦𝑐 and 𝑟 ) decreases with the reduction in stiffness of USP. It can be concluded from 
this result that stiffer pads have a minimum impact on the resilient modulus and from a 
geotechnical perspective, stiffer pads are more suitable for improving the performance of 






























5.5 Dissipation of Energy  
The kinetic energy generated by fast-moving trains is transmitted to the ballast which is 
expected to distribute this energy to the surrounding environment and the foundation 
layers at reduced and acceptable levels (Indraratna et al. 2011). Section 4.5 states, 
depending on the nature of the cyclic loading, ballast exhibits hysteresis responses, so the 
energy it dissipates during the loading/unloading loop can be calculated using a stress-
strain plot, according to ASTM D3999 (2003). Figure 5.8 shows that the energy dissipated 
per load cycle is proportional to the area of the loop, as represented by the energy per unit 
volume per loading-unloading cycle. The variation of total energy dissipation (Ballast 
and USP combined) per load cycle with varying USP stiffness is shown in Figure 5.8. 
The use of an elastic pad causes higher energy dissipation, but with a reduction of pad 
stiffness, the area of the hysteresis loop increased and indicates there is a higher 
dissipation of energy with ballast and USP. The highest dissipation of energy occurs with 
Without USP 
Ballast + USP (Hard) 
Ballast +USP (Medium Soft) 










Figure 5.7: Stress strain behaviour of track substructure with and without USP 
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a soft pad due to a high recoverable strain and more ballast degradation; this will be 












5.6 Ballast Degradation 
As described in section 4.7, ballast degradation is one of the main factors that govern the 
performance of the ballast layer. An ideal ballast layer provides enough stability for 
sleepers to withstand the vertical and horizontal forces generated by rolling stock while 
facilitating the drainage of water with adequate permeability. Ballast degradation 
increases the amount of fines in the ballast, which adversely affects permeability; this 
means that track failure could occur during heavy rainfall (Qian et al. 2017).  
Figure 5.8: Variation of energy dissipation per load cycle with USP stiffness 
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Ballast breakage was quantified using the ballast breakage index (BBI) proposed by 
Indraratna et al. (2005), and variations of BBI with the stiffness of pads under 15Hz 
loading frequency and 25-tonne axle load is shown in Figure 5.9. The results show that a 
stiff pad minimises ballast degradation best, but depending on the increment of pad 
elasticity, the BBI increases and particle breakage with a soft pad is similar to having no 
USPs. This explains the higher dissipation of energy with a soft pad than with a hard pad. 
















Figure 5.9: Variation of BBI with varying USP stiffness 
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5.7 Analysis of Energy Absorbance  
A large amount of the energy generated by rolling stock is dissipated into the ballast layer 
by heat, particle rearrangement, and breakage; this can be witnessed by the permanent 
lateral and vertical deformation 1 and 3. Ballast is a cohesion-less, flaky, granular media 
with a maximum particle size of 63mm; the particles in this layer are generally in contact 
with each other, so the flaky material causes the particles to interlock with each other such 
that the overall skeleton is supported by its self-weight and other forces such as the 
confining pressure.  When large forces are imposed onto these granular media, the inter-
particle forces are subjected to changes, and a new transformation occurs. As previous 
sections indicate, a rubber pad under a sleeper absorbs part of the energy transmitted to 
the track foundation and less energy is imparted to the ballast but in a more uniform 
manor. The total energy that is dissipated per load cycle is a combination of energy 
absorbed by the pad, the energy that rushes to break, and the rearrangement of ballast 
particles, as shown in the equation.  
 
                                                    𝐸𝑇 = 𝐸𝑃𝑎𝑑 + 𝐸𝐵𝑎𝑙𝑙𝑎𝑠𝑡 Eq. 5.2 
                                              𝐸𝑇 = 𝐸𝑃𝑎𝑑 + 𝐸𝑆 +  𝐸𝐵   Eq. 5.3 
 
According to Navaratnarajah and Indraratna (2017), the energy absorbed by the 
rearrangement of particles( Es) is a function of deviator stress qd and total shear stress Ɛs, 
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whereas the energy dissipated through particle breakage (EB) depends on the axle load 
and the BBI. Therefor Eq.4 can be rewritten as; 
 
                                     𝐸𝑇 = 𝐸𝑃𝑎𝑑 + 𝑎(𝑞𝑑 𝑠) +  𝑏(𝜅 × 𝐵𝐵𝐼) 
𝑐  Eq. 5.4 
An under sleeper pad is a perfectly elastic medium, so the energy absorbed by the pad 
depends on the area (A), the thickness (T), the deformation (x), number of load cycles (N) 
and Elastic modulus (E). The total amount of energy dissipated per load cycle is  






) 𝑥2𝑁 + 𝑎(𝑞𝑑 𝑠) +  𝑏(𝜅 × 𝐵𝐵𝐼) 
𝑐         Eq. 5.5 
where a, b, and c are the empirical parameters, and κ is a factor normalised to the axle 
load, the energy absorbed by the pad increases with Young's modulus of the USP so the 
optimum USP for a track can be obtained by possibly reducing the overall track stiffness. 
5.8 Impact of USP stiffness 
The analysis given above explains how using USP helps to improve the rail track and 
reduce ballast degradation, but their stiffness is of concern because experiments indicate 
that the ability of USPs to improve track performances diminishes as the flexibility of 
these pads increases. To identify the permanent vertical and lateral strains, an empirical 
equation has been developed based on the experimental data shown in Equation 8. 
 =∝ 𝑘𝛽 Eq. 5.6 
where Ɛ is a permanent strain, k is pad stiffness, and α and β are the empirical parameters 
summarised in a table in  Figure 5.10; it shows that stiffer pads result in the lowest 
permanent strain at the end of 500,000 load cycles due to a reduction of ballast 
degradation and higher energy absorption by the stiff USP. Therefore a stiff pad has the 
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Figure 5.10: Variation of vertical, lateral strains and ballast breakage 
with varied stiffness of sleeper pad 
optimum performance because it contributes to a maximum reduction of strain 














5.9 Condition of the USP after the test 
Figure 5.11 shows the condition of the USP after 500,000 load cycles. The aggregate 
particles penetrate into the USP have made indentation marks of the USP. This  proves 
the increment of the contact area as well. The very soft pad had deeper indentations 
compared to the stiff pad.  Any punching or torn damages were not observed in these 
USPs after 500,000 load cycles, which represent annual traffic tonnage. To have a better 
understanding of the life of the USP, the test should be continued until the USP fails and 
 α β 
Vertical strain  1.125 -0.521 
Lateral strain 0.135 -0.795 
BBI 0.015 -0.546 
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torn off totally. Furthermore, the durability of the USP might depend on the weather 
conditions as well. This is not evaluated in this research as it is not included in the scope 
of this study. Even though the durability and performance of the USPs are not evaluated 
in the laboratory, many field applications have confirmed durability (several decades) of 
the USP in ballasted track (Insa et al. 2012; Schilder 2013; Sol-Sánchez et al. 2015). 
 
5.10 Chapter summary 
This chapter described how the stiffness of USP improves the performance of ballast. 
Different types of USP were used for large scale triaxial tests, and the results were 
compared to ballast r without USP. A 25-tonne axle load with 15Hz loading frequency 
was considered in this series of experiments. The laboratory tests indicated that a hard 
USP is better than medium-hard and soft pads because stiff pads damp more energy than 
flexible pads and therefore lead to the highest reduction in permanent strain in the ballast 
layer. Due to a relatively small thickness (10mm), a rigid (stiff) inclusion caused less 
damages to ballast compared to a more flexible USP while reducing the stress 
Figure 5.11: Condition of the USP after the test 
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concentration at the sleeper-ballast interface. Furthermore, stiff pads have less impact on 
track resiliency and this reduced ballast degradation significantly compared to other pads.  
These results indicated that the properties of USP should be considered before applying 
them in the field because they can change the performance of the overall track structure. 
For instance, an incorrect pad may reduce ballast performance and lead to excessive 
degradation. Therefore, optimising the properties of USP is essential because a correct 
USP will enhance the performance of the granular foundation and reduce the cost of track 









As described in Chapter 3, the experiments carried out in the cubical triaxle apparatus 
considered a unit cell in a ballasted track on the stiff subgrade, while the numerical 
simulation to investigate the stress-strain response of the unit cell was carried out using 
the commercially available software ABAQUS (2014).  The three-dimensional model 
developed for the integrated layer system consisting of rail, sleeper, under sleeper pads 
(USP), and ballast in the unit cell and stress-strain response of the ballast layer was 
observed under cyclic load with and without USP. The boundaries of the unit cell 
represent plane strain condition by restricting movements in the longitudinal direction 
(parallel to the rail). In this study, the dynamic explicit numerical method was adopted to 
model the cyclic loading.  
6.2 Finite Element Model 
6.2.1 Model geometry 
The dimensions of the full-scale unit cell are shown in Figure 6.1. Figure 6.1(a) shows 
the arrangement of the model without USP, while Figure 6.1(b) presents the 
configurations of the model with USP. Since this study is only considering ballasted track 
on a stiff subgrade (such as tracks on bridges and tunnels etc.), only the ballast layer was 
modelled below the concrete sleeper, and therefore the bottom boundary was fixed 
because there is no displacement or rotation. In the unit cell, plane strain condition was 
considered, so any deformation of the vertical boundaries in the x-direction (longitudinal) 
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was restricted ( 2 = 0) and lateral confining pressure was applied onto the vertical 
boundaries parallel to the sleeper, as shown in Figure 6.2. These vertical boundaries in 
the xy plane can move freely with confining stress (𝜎3). The top surface is a free surface, 
















































6.2.2 Material Properties 
Since ballast is a cohesionless granular media that exhibits pressure-dependent yield 
behaviour under cyclic loading, it was considered as an elastoplastic material, so the 
Drucker Prager yield criterion was adopted. This yield criterion is widely used to simulate 
ballast because its strength depends mainly on the level of stress and the volumetric strain 
(Biabani et al. 2016; Navaratnarajah et al. 2018). The parameters for the Drucker Prager 
hardening model came from the current, and previous triaxial tests carried out on ballast 
supplied from Bombo quarry. The concrete sleeper was modelled as a linear elastic 







material, and the material properties used in this simulation are summarised in Table 6.1. 
The USP was modelled as viscoelastic material in the time domain.  
 














Poisson’s ratio  0.3 
Internal Angle of 
friction 
45o 
Angel of dilation 15o 
Concrete 





Density 420kg/m3 420kg/m3 550kg/m3 
Bedding Modulus 
(K) 
0.22N/mm3 0.15N/mm3 0.1N/mm3 
Poisson’s ratio 0.45 0.45 0.4 
Damping 
Coefficient 
9.5 x 104 Ns/m 8.9 x 104 Ns/m 7.6 x 104 Ns/m 
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6.2.3 Load application 
The cyclic load applied onto the rail seat simulates a 25-tonne axle load with a loading 
frequency of 15, 20 and 25Hz; these load variations follow the sinusoidal wave shown in 
Figure 6.2.  It is assumed that 40% of the wheel load is transferred to the sleeper when 
the wheel is directly above the sleeper, and thus, maximum load experienced by the 
sleeper is 49kN. In this instance, the dead load of the track is 5kN  (Navaratnarajah & 
Indraratna 2017), so for a 15 Hz loading frequency, the loading function can be expressed 
by: 
 



















Figure 6.3: Cyclic load applied onto a rail seat 
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6.2.4 Finite element discretisation 
In this model, eight-node hexahedra elements were used to mesh all the components.  The 
size of the elements has a significant impact on the accuracy of the results. Finer mesh 
provides higher accuracy compared to a large mesh. On the other hand, a fine-mesh takes 
a long time to run the simulation, and therefore, the optimum mesh size must be 
established in order to produce accurate results. This is why a sensitivity analysis was 
carried out to find the optimum element size for this model. Figure 6.4 shows the 
variations of vertical deformation at the end of 1000 cycles with the number of hexahedra 
elements in the model. It can be seen that after 10000 elements the results are constant so 
the mesh size for chosen this simulation gives 30000 elements (For load-bearing ballast 











Figure 6.4: Variation of vertical deformation with mesh size 
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6.3 Results and Discussion 
6.3.1 Vertical deformation 
The permanent vertical deformation of the unit cell of the track on a stiff subgrade was 
modelled under a 25tonne axle load, and then the permanent vertical deformation under 
different loading frequencies was observed with and without USP. Figure 6.5 and 6.6 
shows the variations of permanent vertical deformation (Sv) of ballast with and without 
USP respectively under 15, 20 and 25Hz loading frequencies.  The deformation contours 
show the variation of permanent vertical displacement in the ballast layer at the end of 
10,000 load cycles. The analysis shows that increasing the loading frequency causes a 
higher accumulation of plastic deformation, which was confirmed by the experiment 
results discussed in chapter 4. 
Moreover, the highest vertical deformation is occurred in at the ballast sleeper interface, 
and the deformation reduces with the depth. When it compares the results with and 
without USP, the introduction of USP decreases the vertical plastic deformation of the 
ballast layer significantly (20-55%). To compare the predictions of permanent vertical 
deformation of the ballast layer with the experiment results, the variation of plastic 
deformation is plotted against the number of cycles and Figure 6.7 demonstrate the results 
obtained from the finite element analysis and experiments. The variation of Sv in FEM 
and experiments have similar behaviour up to 1000 load cycles. In the finite element 
simulation, the strains increased at a higher rate during the initial load cycles (N<1000), 
but after 1000 load cycles any further increase in strain is negligible. This results obtained 
in the laboratory indicate a higher rate of strain accumulation up to 100,000 cycles, 
possibly due to ignorance of particle breakage in FEM. However, Navaratnarajah et al. 
(2018) obtained similar behaviour for plastic deformation in granular layers, with their 







Figure 6.5: Variation of permenant vertical deformation (Sv) with loading frequency 
(Without USP) 
25t & 15Hz 
25t & 20Hz 
25t & 25Hz 
141 
 
                                                                                      
 
  25t & 15Hz 
25t & 20Hz 
25t & 25Hz 






Figure 6.7:  FEM predictions and comparison of experiment results 
for permanent vertical deformation 
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6.3.2 Lateral Deformation 
The lateral deformation of a ballast layer was obtained under the same 25t axle load and 
15, 20 and 25Hz loading frequencies. Figures 6.8 and 6.9 show the contour variations of 
permanent lateral deformation of a ballast layer with and without USP where the reversed 
rainbow coloured contours represent the intensity of lateral deformation in the ballast. 
The finite element analysis indicates that an increase in the frequency of cyclic loading 
has increased permanent lateral deformation regardless of presences of USP. However, 
when the track substructure equipped with USP, lateral spreading of ballast layer is 
reduced than the ballast layer without USP by 10 - 40%. This is due to damping properties 
of USP, and USP acts as a shock absorber to absorb the energy generated by cyclic 
loading and transfer stress at a reduced level to the granular layer, and therefore cause 
less deformation. The energy-absorbing behaviour will be described later in section 6.3.4. 
Figure 6.10 shows the variation of lateral deformation predicted by finite element analysis 
and the results obtained by laboratory experiments. There is an agreement match between 
the FEM outcomes and the results of the experiments in initial load cycles. As with 
vertical deformation, within the initial 1000 load cycles, there is a high rate of strain, but 
then the ballast layer becomes more stable. However, the experiment also indicates there 
is a continuous increment in lateral deformation as a load is applied; this difference in 
behaviour is due to ballast breakage and an increase in density under load which is not 
captured in FEM (Sun 2015). Similar lateral deformation was observed by Navaratnarajah 
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Figure 6.11 shows the lateral plastic deformation of a ballast layer with depth along the 
middle line (AA) of the lateral boundary. According to the FEM predictions, the lateral 
deformation of ballast decreased significantly due to USP. When the sleeper is equipped 
with USP, the lateral deformation in the upper layer is uniform and gradually reduced 
with depth; whereas, without USP, maximum deformation occurred at the middle level 
of the ballast which is 50% higher.  Indraratna et al. (2013) studied the lateral 
displacement of ballast reinforced with geo-grid and noted it was similar to lateral 
deformation. The unit cell equipped with USP has a different pattern for maximum lateral 
displacement according to the depth of ballast, whereas the FEM outcomes indicate that 










Figure 6.11: Variation of lateral deformation with the ballast depth 
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6.3.3 Stress in the ballast layer 
The distribution of stress in the ballast was analysed with and without USP under a 
25tonne axle load; the variations of vertical stress at a maximum cyclic load in the ballast 
with and without USP under 15, 20 and 25Hz loading frequencies are shown Figures 6.12, 
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The FE analysis shows that increasing loading frequency causes higher stresses in the 
ballast. Here the stress is amplified due to cyclic loading as the amplification factor 
depends on the loading frequency. However, the use of USP has significantly reduced the 
vertical stress in the ballast because the portion of kinetic energy generated by cyclic 
loading is absorbed by the rubber and therefore less pressure is transferred to the ballast. 
The pressure obtained from the FE analysis shows a very uniform distribution, whereas 
the results obtained in the laboratory shows the concentration of stress and very high 
levels of stress in some locations due to discrete contact. In FEM the sleeper and ballast 
make uniform contact, so there is an obvious miss-match between the laboratory results 
and the FEM outcomes. The behaviour of a full track model and variations in the patterns 
of load distribution will be discussed in the next chapter. 
6.3.4 Energy absorption 
The variation of the energy dissipation in the ballast layer and the energy absorption by 
USP is analysed using the above described FE model. Figure 6.15 shows the change of 
energy dissipation per load cycle in ballast layer with the number of cycles.  This energy 
absorption is related to the mechanical damping of the USP and the ballast layer. During 
initial load cycles, higher energy absorption can be observed due to higher deformation 
in the beginning. With the time granular layer became stable, and variation of the plastic 
deformation becomes negligible and thus, the variation of energy dissipation per load 
cycle. According to the results shown in Figure 6.15, overall energy absorption capacity 
increases with the introduction of USP due to the damping characteristics of USP. As a 
result, energy transmitted to the adjacent structures (as vibration) can be reduced. 
Furthermore, USP caused higher energy absorption by composite structure (USP and 
Ballast), meanwhile reducing the amount of energy absorbed by the ballast layer. This 
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was the main reason for the reduction of plastic deformation of the ballast layer with USP 
stabilisation. USP has absorbed 30-40% of overall energy dissipated, and the energy 
dissipation level in the ballast has reduced 15-20% because of USP. The input energy 
increased with the increasing loading frequency, and energy absorption level increased 
with proportional to the input energy.  
To compare the predicted values of energy absorption with the experiment outcomes, 
total energy dissipated per load cycles with and without USP is plotted in Figure 6.15. 
The ballast breakage was not considered in this analysis, and thus the energy dissipated 
in the granular layer due to particle degradation not captured in this analysis. As a result, 






Figure 6.15: Variation of Energy absorption 
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6.4 Impact of Pad Stiffness 
6.4.1 Permanent deformation 
The permanent vertical deformation of the unit cell of the track on a stiff subgrade was 
modelled under a 25tonne axle load and 15 Hz loading frequency. Then the permanent 
vertical deformation of the ballast layer was observed with three different USPs with same 
thickness (10mm) and varying stiffness (0.22N/mm3, 0.15 N/mm3 and 0.1 N/mm3). 
Figure 6.16 shows the variations of permanent vertical deformation (Sv) of ballast with 
the USP stiffness.  The deformation contours show the variation of permanent vertical 
displacement in the ballast layer at the end of 10,000 load cycles. The outcomes of FE 
analysis confirm the results of the experiments, which is, the stiffer pad perform better 
than relatively flexible pads in terms of reducing permanent deformation.  
The stiff pad has reduced the vertical permanent deformation by 16%, and the impact of 
the presence of USP reduced with reducing the stiffness of the pad. To compare the FEM 
outcomes with experiment results, the permanent vertical (Sv) and lateral deformation 
(SL) were plotted with the number of load cycles in figure 6.17. The behaviour of the 
plastic deformation with the variation of USP stiffness is similar in both FEM predictions 
and experiment results. The experiment results show higher values for the vertical 
deformation than finite element model predictions due to ballast breakage, which is not 
captured in the FE analysis. Both predicted, and lab data concludes that stiffer pad 
performs better than the relatively soft pads. The reason for this behaviour can be 
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Figure 6.17: Variation Permanent vertical lateral deformation with 
USP stiffness: FEM and Experiment predictions 
157 
 
6.4.2 Energy absorption  
The variation of energy absorption capacity was evaluated with varying USP stiffness as 
illustrated in Figure 6.18(a). The introduction of USP has increased the overall energy 
absorption in the track substructure, and the presence of USP has caused a decrease in 
energy dissipation level in the ballast level compared to the case without USP. The stiff 
pad has absorbed more energy compared to the relatively soft pad due to higher damping 
capacity. This explains the hysteresis behaviour demonstrated in Figure 6.18(b). The stiff 
pad has a low recoverable strain, but due to the higher damping coefficient, it absorbs 
more energy compared to the relatively softer pad. Thus the energy absorption capacity 











































Figure 6.18: (a) Variation of energy absorption with USP stiffness (b) 





6.5 Chapter Summary 
 This chapter has provided information on the finite element analysis of a unit cell of 
ballasted track in a stiff subgrade. This same unit cell concept was used in laboratory 
experiments, and then the results of the FE analysis and the experiments were compared. 
The corresponding boundary conditions were considered in the model, and the mesh size 
was selected after sensitivity analysis. A cyclic load was applied onto a rail seat to 
simulate a 25tonne axle load with loading frequencies of 15, 20 and 25Hz.  
The vertical plastic deformation of ballast under different loading frequencies was 
considered in track with and without USP. It was shown that an increasing loading 
frequency caused higher plastic deformation in the ballast, and USP can significantly 
reduce plastic deformation. The results of strain accumulation obtained from an FE 
analysis showed that variations of vertical deformation after 1000 load cycles were 
insignificant, unlike the results obtained in the laboratory. Ballast breakage was not 
considered in the FEM and thus gave different results to the experiments; similar 
observations were obtained for lateral plastic deformation.  
The distribution of pressure in the ballast layer was analysed with and without USP under 
different loading frequencies. It was found that higher loading frequencies caused higher 
stresses in the ballast, and track stabilised with USP had significantly lower levels of 
stress than track without USP.  
The variation of energy capacity in track substructure was analyses, and it was observed 
that the installation of USP escalates the energy absorption in track substructure, and thus 
the energy transmitted to the surrounding environment can be reduced. Further, the 
analysis proved that the higher percentage this increment is absorbed by the USP and the 
energy absorption level of the ballast is low compared to the track without USP. This was 
the main reason for the reduction of vertical and lateral deformation with the introduction 
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of USP. The particle degradation is not captured in this finite element analysis, and thus, 







 NUMERICAL ANALYSIS OF 
TRACK SECTION ON STIFF SUBGRADE 
 
7.1 Introduction 
Chapter 6 describes the finite element simulation of a unit cell and the stress-strain 
response of ballast with and without USP, using the commercially available software 
ABAQUS (2014). However, the behaviour of a section of ballasted track on a bridge or 
in a tunnel also needs to be analysed to understand the impact made by USP. As stated in 
section 2.3.1, the wheel load applied onto the rail is distributed to the ballast via sleepers, 
but this pattern for distributing the wheel load along successive sleepers is subject to 
different interpretations. It is normal to assume that 50% of the axle load is supported by 
the sleeper directly below the wheel while the adjacent sleepers bear 25% (Profillidis 
2014), but several studies have suggested different load sharing patterns along with 
successive sleepers, as shown in Figure 7.1. While the vertical stiffness of a track 
foundation which governs the bending profile of steel rails is directly associated with the 
distribution of load to the sleepers, an elastic element introduced into the track 
substructure will reduce the overall foundation stiffness and thus alter the load 
distribution pattern. To investigate this phenomenon, a 3D model has been developed for 
the integrated layers in a real track, and then the stress and strain of the ballast is observed 
under a cyclic load with and without USP (under sleeper pad) stabilisation. Similar 
boundary conditions and material properties that exist in the field have also been 



















7.2 Finite Element Model 
7.2.1 Model geometry 
A section of track with 15 sleepers laid on stiff subgrade was considered in this FE 
analysis, as shown in Figure 7.2. A 6.60m long, 2.9m wide track with 600mm sleeper 
spacing is used for the ABAQUS finite element simulation (Figure 7.3).   Since this study 
only considers a ballasted track on stiff subgrade such as track laid on bridges and in 
tunnels, only the ballast below the concrete sleeper is considered as a foundation. 
Therefore the bottom boundary was fixed because there is no displacement or rotation in 
the x, y and z directions. On bridges and in tunnels, track is usually placed inside a 
concrete trench, as shown in Figure 7.2, which means that movement of the vertical 
50% 25% 25% 
40% 23% 7% 23% 7% 




Figure 7.1: Load distribution along successive sleepers proposed by (a) Profillidis 
(2014) (b) Profillidis (1986) (c) Szurgott and Bernyś (2013) 
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boundaries in the yz plane and the x-direction is restricted; and since deformation parallel 
to the rail is negligible, deformation of vertical boundaries the xz plane in the y-direction 
is prevented, as shown in Figure7.4. By applying symmetry along the centre line CL, only 





























































7.2.2 Material Properties 
As stated in section 6.2.2, the ballast is a cohesionless granular layer that exhibits 
pressure-dependent yield behaviour, so it is modelled according to the Drucker Prager 
yield criterion because it behaves like an elastoplastic material under cyclic load. The 
yield criterion is widely used to simulate ballast because its strength depends mainly on 
the level of stress and volumetric strain (Biabani et al. 2016; Navaratnarajah et al. 2018). 
The parameters for the Drucker Prager hardening model were obtained from the current, 
and previous triaxial tests carried out on ballast supplied from Bombo quarry. The 
concrete sleepers, rails, and USP are modelled as a linear elastic material. The properties 
of the material used in this simulation are summarised in Table 7.1. 




Table 7.1: Material properties for FEM 
 
7.2.3 Load application 
A cyclic load is applied onto the rail seat to simulate a 25tonne axle load with a loading 
frequency of 15Hz; this represents a heavy haul train travelling at 110km/hr. The load 
variation is interpreted as a sinusoidal wave, as shown in Figure 7.5, so by assuming 
Ballast 
Density 1560 kg/m3 
Young’s Modulus (E) 125MPa 
Poisson’s ratio  0.3 
Internal Angle of friction 45o 
Angel of dilation 15o 
Concrete 
Density 2400 kg/m3 
Young’s Modulus (E) 36GPa 
Poisson’s ratio  0.2 
Steel 
Density 7700 kg/m3 
Young’s Modulus (E) 206GPa 
Poisson’s ratio  0.3 
USP 
Density 420kg/m3 
Bedding Modulus  0.22N/mm3 
Poisson’s ratio 0.45 
Damping Coefficient 9.5 x 104 Ns/m 
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asymmetrical load distribution from the wheels, the load applied onto the rail by a wheel 
is 12.5 tonnes (122.625 kN).  
 











7.3 Results and Discussion 
7.3.1 Numerical prediction for vertical deformation 
The permanent vertical deformation of the track (Sv) under a 25-tonne single axle load is 
simulated at a loading frequency of 15Hz for up to 10,000 load cycles. The contour plots 
in Figures 7.6 and 7.7 show the variations of vertical deformation of the ballast layer 
along the track with and without USP.  The figures describe the variations of the 
maximum vertical strain of the ballast in the XZ, YZ (parallel to the rail), and XY (parallel 
to the sleeper) planes. In order to compare the difference in strain accumulation with and 
without USP, the same limits are used for the rainbow spectrum. 
 



























Figure 7.6 : (a)Variation of vertical deformation along the track without USP; (b) Plan view; (c) Variation of maximum vertical deformation in 























Figure 7.7:(a)Variation of vertical deformation along the track with USP; (b) Plan view; (c) Variation of maximum vertical deformation in YZ 

















The results from the numerical analysis confirmed the outcomes of the experiment and 
the numerical simulation of the unit-cell described in Chapter 6. Figures 7.6 and 7.7 show 
that the maximum vertical deformation of the ballast layer occurs directly under the rail 
(or wheel- in this case, the simulation only considered the wheel directly on top of the 
sleeper). There is much vertical deformation in the four adjacent sleepers without USP, 
but when USP is introduced the load is distributed over a higher number of sleepers. 
Moreover, Figure 7.8 shows that with USP, there is a sizable vertical deformation in 
adjacent six sleepers because USP substantially reduced the maximum vertical 
deformation. The numerical analysis revealed that USP led to an approximately 25% 




























































7.3.2 Numerical prediction for the distribution of stress 
The distribution of stress on the ballast along the track under a single wheel load was 
obtained from the FE analysis with and without USP. The contour plots in Figure 7.9 
show the variations of stress in the ballast at the maximum cyclic stress of 230kPa. Figure 
7.10 shows the stress inserted onto the ballast layer of a track with USP and under the 
same loading conditions. The figures describe the variation of stress in the XZ, YZ 
(parallel to the rail), and XY (parallel to the sleeper) planes. In order to compare the 
difference between stress on ballast with and without USP, the same limits are used for 
the rainbow spectrum. As expected, the stress in ballast directly under the wheel load is 
higher, and as the load is transmitted to the adjacent sleepers, the levels of stress are lower, 
regardless of the presence of USP. The pressure with and without USP clearly shows the 
difference in stresses in the granular layer and highlights the benefit of having USP in the 
track. This result proves that USP alters the load distribution pattern in track because 
when the track is stabilised with USP the wheel load is shared between more sleepers, 
and thus the stress is transferred to the sleeper directly under the load. Figure 7.11 shows 
the variation of pressure at the sleeper ballast interface of the sleeper, which is directly 
under the wheel. With USP the stress level under the sleeper decreases, this also reduces 
ballast degradation and improves the granular layer. Figure 7.12(a) shows the variation 
of maximum pressure distributed along the track with and without USP; this provides the 
evidence for increasing the number of load-bearing sleepers. Figure 7.12(b) illustrates the 
load sharing pattern with and without USP. The FE analysis without USP has predicted 
similar load distribution pattern obtained by Szurgott and Bernyś (2013). According to 
this model, when the wheel is positioned directly on the sleeper, maximum stress is 
transferred to the sleeper directly under the wheel (33%). When the track is stabilised 
with USP, the maximum stress is decreased to 25% of total stress, and the stress is shared 
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over a higher number of sleepers.  For the load calculations, this simulation provides a 
different set of values for the previously suggested methods described in Figure 7.1.  The 
load calculations for experiments have used 40% of maximum stress and which is 
relatively higher than the outcomes of this analysis. However, these values can be 































Figure 7.9:(a)Variation of vertical stress along the track without USP; (b) Plan view; (c) Variation of maximum vertical stress in YZ plane; 



























Figure 7.10:(a)Variation of vertical stress along the track with USP; (b) Plan view; (c) Variation of maximum vertical stress in YZ plane; 

































Figure 7.12: Variation of maximum pressure at sleeper ballast interface along the track 
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7.4 Analytical simulation of track stabilised with USP 
When an infinitely long beam supported by an elastic foundation is considered, as shown 











+ 𝑘𝑦 = 𝑞(𝑥)  Eq. 7.1 
 
P - Wheel load (N) 
EI - Bending stiffness of the rail (Nm2) 
k - Foundation stiffness (N/m/m) 
y(x) -Deflection of the rail at x distance (m) 
q(x) - distributed load (m) 
This analysis only considers the point load and thus q(x) = 0. When x>0 the boundary 
conditions used to solve the above equation are, 
 When x→∞; y→0 














Figure 7.13: Beam On elastic foundation 
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Considering the above boundary conditions, Esveld (2001) proposed the following 




+ 𝑘𝑦 = 0 Eq.7.2 





Where L is the characteristic length and  𝜂(𝑥) is the shape function which can be 
determined by Equations 7.4 and 7.5 respectively, 
 




 Eq. 7.4 








 ]  for x≥0 Eq. 7.5 
 
By considering symmetry, the results can be obtained for the x<0 case, and therefore 
variations of deflection along the beam can be represented as shown in Figure 7.14. 
 
Figure 7.14: Variation of rail deflection along the rail 
(considering perfectly elastic foundation) 
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The analytical solution shown above was developed by considering a perfectly elastic 
foundation and a static load.  A conventional ballasted track consists of a granular layer 
which exhibits damping behaviour under dynamic loads, and therefore the analysis for a 
rail on visco-elastic foundation must be expanded to develop solutions for dynamic 
loading. When a granular layer foundation is considered, the elastic and damping 








F(t) is a concentrated cyclic load applied at x=0 so it can be defined as; 
 𝐹(𝑡) = 𝑃𝑒𝑖𝜔𝑡 Where, 𝜔 = 2𝜋𝑓  Eq. 7.6 










+ 𝑘𝑤(𝑥, 𝑡) = 0 Eq. 7.7 
Esveld (2001) proposed that solutions for the above equation can be found by splitting 
the variables: 
 𝑤(𝑥, 𝑡) = 𝑦(𝑥)𝑒𝑖𝜔𝑡 Eq. 7.8 
Therefore Equation 7 can be rewritten as  
 𝐸𝐼𝑦′′′′ + [𝑘 − 𝑚𝜔2 + 𝑖𝜔𝑐]𝑦 = 0 Eq. 7.9 









 𝐸𝐼𝑦′′′′ + 𝜆𝑦 = 0 Eq. 7.10 
 
Equation 7.10 is similar to Equation 7.2, which was developed based on a beam on an 
elastic foundation; but now displacement is a complex quantity. 
When the track is stabilised with USP, the composite track substructure can be 
represented in spring and dashpot similar to Figure 7.15. The stiffness and damping 
coefficient of the new track is considered to be 𝑘𝑒𝑞 (Equivalent stiffness) and  𝐶𝑒𝑞 
(equivalent damping). Moreover, values for these parameters were obtained from the 
experiments to simplify the analysis. Figure 7.16 shows the variation of rail deformation 
along the track with and without USP. The results were obtained from the solutions to 
Equation 7.10. This analysis clearly shows that USP acts as a shock absorber and reduces 
track deformation. Furthermore, figure 7.17 shows the variation of vertical deformation 
of the sleeper directly under the wheel with time concerning a single load cycle. Due to 
additional damping properties introduced by the USP is resulted in quick dissipation of 








Figure 7.16 : Variation of rail deformation along the track 






Figure 7.17: Variation of vertical deformation with time (for one load cycle) 
7.5 Chapter summary 
This chapter has provided information about a finite element analysis of a section of track 
on the stiff subgrade. This simulation was carried out to assess the reliability of using the 
concept of a unit cell in track analysis and to understand the stress distribution patterns 
along the track with and without USP. A 6.6m long section of track with 11 sleepers was 
considered in the analysis, and a cyclic load was applied onto the rail to simulate a 
25tonne axle load with a loading frequency of 15Hz. The vertical plastic deformation of 
the ballast layer was considered for the track with and without USP. It was shown that 
track without USP had higher plastic deformation in the ballast and USP can significantly 
reduce plastic deformation. The strain accumulation obtained from FE analysis is 
approximately similar to the unit cell analysis. Ballast breakage was not considered in the 
FEM and thus gave different results to the experiment outcomes. The pressure 
distribution of the ballast layer was analysed with and without USP and when the track 
was stabilised with USP; under these conditions, the pressure was shared between more 
sleepers, unlike track without USP. This analysis confirmed that the USP stabilised track 
has much lower stress levels than a track without USP. FEM gave fair results, and the 
















With USP Without USP
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 CONCLUSIONS AND FUTURE 
WORK 
8.1 General 
The demand for mobility and accessibility increases with the growth of population and 
urbanisation, with the result that railways become more popular as they fulfil passenger 
and freight requirements. To meet this increasing demand for rail transportation, faster 
and heavier trains have begun to operate in many countries, but this means the prevailing 
rail network must be expanded and improved to ensure a safe and comfortable ride.  The 
resulting increase in stress and loading frequencies engendered by fast-moving and heavy 
rolling stock is a cause for concern with conventional ballasted track due to fast ballast 
degradation, undesirable levels of vertical and lateral deformation, and the differential 
settlement that adversely affects track longevity and safety.  Many solutions have been 
introduced to reduce ballast degradation with recent attention being given to the 
introduction of elastic elements in the track foundation to improve performance. This 
study has concentrated on reducing ballasted degradation and deformation by stabilising 
track substructure with Under Sleeper Pads (USP). To understand the deformation and 
degradation of ballast under heavy axle loads and high-frequency cyclic loads, large scale 
triaxial tests have been carried out, and finite element analysis has been used to model the 
behaviour of the unit cell and real track sections with and without USP under cyclic 
loading. This chapter contains the major conclusions obtained from this research with 
regards to the response of ballast stabilised with USP under cyclic loading and the 




8.2 Performance of Ballast with Under Sleeper Pads (USP) 
Large-scale laboratory tests were carried out using the Track Process Simulation Testing 
Apparatus (TPSA) to assess the influence of under sleeper pads (USP) on the deformation 
and degradation of ballast placed on stiff foundations (concrete bridge decks, tunnels and 
crossings) subjected to varying cyclic loading frequencies, f= 15, 20 and 25 Hz. Three 
different types of under sleeper pads (varying stiffness) with the same thickness were 
placed underneath a concrete sleeper. Considering 50MGT of annual traffic tonnage, all 
the tests were subjected to 500,000 load cycles with magnitudes varying from 230kpa - 
30kpa ( 𝜎𝑐𝑦𝑐,𝑚𝑎𝑥 = 230 kPa and 𝜎𝑐𝑦𝑐,𝑚𝑎𝑥 = 30kPa), to represent heavy haul trains with 
25-tonne axle load.  The salient findings of these tests are summarised below: 
1. The laboratory results indicated that ballast deformed rapidly in the initial 10,000 
cycles, but the rate of deformation gradually decreased, and the ballast stabilised 
after 100,000 load cycles. This rapid increase of permanent deformation was due 
to the rearrangement of aggregate particles and the breakage of angular 
projections of flaky aggregates. The density of the ballast layer also increased up 
to 100,000 cycles, but after 100,000 cycles it became more stable.  
2. The train speed has a big influence on the stress-strain response of the ballast layer 
because an increase in the loading frequency caused more damage to the ballast 
and there is a greater accumulation of permanent strain with high frequencies. 
3. According to the experiment results, an increase in loading frequency increased 
the vertical and lateral permanent deformation of ballast because, after 500,000 
load cycles, the USPs had reduced the vertical permanent vertical strain Sv by up 
to 47-16% and the permanent lateral deformation SL by up to 55-21% depending 
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on the train speed considered. This indicated that USPs are an ideal way to reduce 
the accumulation of plastic strain in ballasted tracks. 
4. USPs helped to reduce the volumetric strain from 15-45% and shear strain from 
16-48%, depending on loading frequency, and train speeds increase, the impact 
of USPs on the performance of ballast tends to decline. 
5. The experiment results revealed a rapid increment of track modulus up to 100,000 
cycles, but after 100,000 cycles, the rate of escalation in Mr decreased. The 
prompted densification of ballast in the initial load cycles is due to rapid particle 
breakage and rearrangement, and an increase in the density of the ballast layer, 
but after 100,000 cycles the ballast is in a more stable state, and there is a visible 
reduction in the rate of increment of the resilient modulus.  
6. Higher loading frequencies generated higher vibration in the granular layer, which 
in turn increased the density; thus, this increase in speed led to an increase in the 
resilient modulus. 
7. USP reduced the resilient modulus of the overall track substructure due to the 
additional resiliency generated by the rubber pads. Even though USPs helps to 
minimise the permanent strain, any reduction of track stiffness increases the 
recoverable strain. 
8. For all loading frequencies, and regardless of the presence of USP, there was 
higher dissipation of energy in the initial load cycles due to particle rearrangement 
and subsequent breakage. As the ballast layer becomes more stable, the energy 
dissipated in each load cycle decreases and the variation with the number of load 
cycles is insignificant. 
9. The USPs increased the dissipation of energy because they act as shock absorbers 
and damp the energy that would be transmitted to the ballast. These elastic pads, 
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therefore, dissipate more energy into the ballast layer without damaging it, so less 
stress is transferred to the adjacent environment. 
10. The contact area and pressure at the sleeper-ballast interface under a 25-tonne axle 
load, and with and without USP, were measured using matrix-based surface 
sensors; the contour plots proved that USPs significantly improved the contact 
area.  
11. The contact area between sleeper and ballast was only 18% when USP is not used, 
but this value increased up to 50% when USPs are used. Aggregates that 
penetrated the USP also increased the contact area, but this led to a large reduction 
in the contact stress. Moreover, the inclusion of USP improved the uniformity of 
the stress distribution and the contact area at the sleeper /ballast interface. 
12. The limited number of contact points caused stress concentration when USP is not 
used in the track, and this led to higher particle degradation. 
13. A higher loading frequency caused more degradation of particles in the granular 
layer, regardless of the presence of USP. An increase in train speed resulted in 
high dynamic stresses in the ballast layer, and this increase in energy transferred 
to the ballast layer resulted in excessive breakage. 
14. Three distinct mechanisms contributed to ballast breakage; attrition, abrasion, and 
splitting. The experiments indicated that USP caused more particle breakage, 
although the BBI (ballast breakage index) indicated that USP reduced ballast 
degradation by 50%.  
8.3 Influence of USP properties 
Large scale triaxial tests were carried out on a stiff subgrade to compare the deformation 
of ballast when the USPs varied in stiffness; these tests took place under a constant axle 
load of 25tonnes and a loading frequency of 15Hz. Different pads were tested (Soft pad; 
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k ≤0.1Nmm-3, Medium; 0.1 < k ≤0.2Nmm-3, and Stiff pad; k> 0.2Nmm-3) and then the 
results were compared to a condition with no USPs.  These tests investigated how the 
stiffness of USPs would affect the load-deformation response of ballast.   
1. The laboratory results indicated that stiff pads performed better than relatively 
softer pads when the reduction in permanent vertical strain is considered.  Stiff 
pads reduced vertical and lateral deformation by approximately 50%, unlike 
ballast without USP. The impact made by USPs decreased with stiffness, and with 
soft pads, the vertical and lateral strain decreased by approximately 15%. This 
result indicated that stiff pads are better at reducing plastic deformation in ballast, 
whereas stiffer pads improve the life of ballast better from a geotechnical 
perspective. 
2. The volumetric and shear strains followed a similar pattern to the lateral and 
vertical permanent strains; very stiff USP s reduced more plastic strain than a 
relatively flexible USP under the same conditions. 
3. Regardless of presence and type of USP, there was a rapid increase in the resilient 
modulus of ballast during the initial load cycles due in the degree of density. The 
rate of change of Mr decreased after 10,000 cycles, and after 100,000 load cycles, 
the variation of Mr was mostly insignificant. 
4. Like the outcomes from the experiments, track resilience decreased as the stiffness 
of the USP decreased; this was due to the increment of recoverable strain with the 
reduction of pad hardness. In this sense, hard USP is best for the track, but they 
have a minimum impact on track resiliency. 
5.  An elastic pad leads to higher energy dissipation, but pad stiffness decreases, the 
area of the hysteresis loop increases, which indicates there is a greater dissipation 
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of energy with ballast and USP. The highest dissipation of energy occurred with 
a soft pad due to a high recoverable strain and more ballast degradation. 
6. According to the BBI, stiff pads minimised ballast degradation best, but 
depending on their increment of elasticity, the increasing BBI and particle 
breakage with a soft pad was similar to having no USPs. This explains why the 
dissipation of energy was higher with a soft pad than with a hard pad. 
7. The predictive model was used to identify the total dissipation of energy while 
considering particle breakage, and particle rearrangement and energy absorption 
by an elastic USP. An under sleeper pad is a perfectly elastic medium, so the 
energy absorbed by the pad depends on the area (A), the thickness (T), the 
deformation (x), the number of load cycles (N), and the Elastic modulus (E). The 






) 𝑥2𝑁 + 𝑎(𝑞𝑑 𝑠) +
 𝑏(𝜅 × 𝐵𝐵𝐼) 𝑐 where a, b, and c are the empirical parameters, and κ is a factor 
normalised to the axle load. 
8. The variation of plastic strains and BBI with USP stiffness follows an empirical 




8.4 Numerical simulation of ballasted track stabilised with USP 
8.4.1 Finite element simulation of a unit cell 
The unit cell concept used in the laboratory experiments was simulated in a finite element 
program to compare the results obtained from the laboratory. The corresponding 
boundary conditions considered in the model cyclic load were also applied onto the rail 
seat to simulate a 25tonne axle load with loading frequencies of 15, 20, and 25Hz. The 
FE analysis was also extended to a section of track with 11 sleepers to confirm the 
reliability of unit cell analysis and to understand the pattern of stress distribution along 
the track with and without USP. 
1. Increasing the loading frequency caused more plastic deformation in the ballast, 
whereas USP can reduce plastic deformation quite significantly. The strain 
accumulation obtained from FE analysis showed insignificant variations of 
vertical deformation after 1000 load cycles, unlike the results obtained in the 
laboratory. Ballast breakage was not considered in the FEM, and thus the results 
differed from the experiments. Similar observations were obtained for lateral 
plastic deformation. 
2. The pressure distribution of the ballast layer was analysed with and without USP 
and under different loading frequencies. A higher loading frequency caused 
higher stress in the ballast, whereas track stabilised with USP had much lower 
levels of stress than track without USA P. 
3. An analysis of a complete track revealed that a track without USP had more plastic 
deformation in the ballast, and USP can significantly reduce plastic deformation. 
Moreover, the results of strain accumulation obtained from an FE analysis were 
approximately the same as the unit cell analysis. 
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4. The pressure distribution of the ballast layer was analysed with and without USP, 
and when the pressure of track stabilised with USP was shared between more 
sleepers than track without USP, the USP stabilised track had much lower levels 
of stress than track without USP.  
8.5 Recommendations for future work 
The value of using USP in track substructure with stiff subgrade has been investigated by 
a comprehensive experimental and numerical analysis. Several assumptions and 
limitations were applied to narrow the scope of the project to match a 3.5year period, but 
for a better understanding of the use of USP in rail tracks, the work should be extended 
further. On that basis, the following recommendations are:  
1. Focus only on the behaviour of USP stabilised track on stiff subgrade such as 
bridges and tunnels, etc., but also include various types of the subgrade.  
2. Latite aggregates were used as ballast in our experiments, but there are other types 
of aggregates commercial available and should be considered in future research.  
Since ballast gradation has a significant impact on on-track performance, this 
work should be extended to include granular layers with different gradations.   
3. The rail industry faces the huge challenge of dwindling stocks of good quality 
aggregates, a challenge that poses social, environmental, and economic issues. 
Recycling used ballast is an alternative that should be considered, so this research 
should include investigations into the use of elastic inclusions to improve the 
performance of recycled ballast.  
4. The behaviour of the ballast layer with and without USP was evaluated up to 
500,000 continuous load cycles; for future studies, cyclic loadings up to 1 million 
cycles accompanied with rest periods, are recommended.  
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5. The performance of USP with varying USP properties was investigated for cyclic 
loading, but for a complete analysis, further work is needed to evaluate the 
behaviour of USP stabilised ballast under impact loading.  
6. Only three types of USPs were considered in this study; a more comprehensive 
analysis should include other types of USP where the thickness and stiffness 
varies. It is therefore recommended that USP made from recycling tyres should 
be investigated.  
7. This study did not consider a combination of different artificial inclusions such as 
under ballast mats (UBM), geogrids, and geosynthetics with USP; these 
combinations may prove to be more advantageous than individual use, so they 
should be properly analysed. 
8. A field investigation of a track stabilised with USP is recommended to extend the 
laboratory analysis to real field applications. 
9. A constitutive model with elastic inclusions and ballast degradation was not 
considered in this study, and since several constitutive models in literature capture 
ballast behaviour under dynamic loading, these models should be extended to 
include the of elastic inclusions. 
10. The numerical analysis did not consider the discrete nature of the ballast ,, and 
computer-based analysis can be extended using a coupled DEM-FEM analysis.  
11. The contact pattern variation between sleeper and ballast was not considered in 
the numerical analysis. This aspect can be analyzed by extending this work with 
discrete element model or developing subroutines for ABAQUS. 
12. The dynamic analysis of the track stabilised with elastic inclusions can be 
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APPENDIX B: SAMPLE ABAQUS INPUT FILE 
 
 
Table A.1: Pressure mapping sensor information 






** Job name: WITHOUTUSP Model name: No USP 25t15hz 
** Generated by: Abaqus/CAE 6.14-2 






**   
*Part, name=Cirb-Ballast 
*End Part 
**   
*Part, name=Sleeper 
*End Part 





**   
*Instance, name=Ballast-1, part=Ballast 
*Node 
*Elset, elset=Set-2, instance=Cirb-Ballast-1, generate 
   1,  400,    1 
*Elset, elset=Set-2, instance=Cirb-Ballast-1-lin-2-1, 
generate 
 3601,  4000,     1 
*Elset, elset="_Ballast L_S2", internal, instance=Ballast-
1, generate 
  801,  1200,     1 
*Surface, type=ELEMENT, name="Ballast L" 
"_Ballast L_S2", S2 
*Elset, elset="_Ballast Mid_S2", internal, instance=Ballast-
1, generate 
 401,  800,    1 
*Surface, type=ELEMENT, name="Ballast Mid" 
"_Ballast Mid_S2", S2 
*Elset, elset="_Ballast R_S2", internal, instance=Ballast-
1, generate 
   1,  400,    1 
*Surface, type=ELEMENT, name="Ballast R" 
"_Ballast R_S2", S2 
*Elset, elset="_Cirb BL_S6", internal, instance=Cirb-
Ballast-1, generate 
    1,  3991,    10 
*Surface, type=ELEMENT, name="Cirb BL" 
"_Cirb BL_S6", S6 




    1,  3991,    10 
*Surface, type=ELEMENT, name="Cirb BR" 
"_Cirb BR_S6", S6 
*Elset, elset="_Cirb SL_S1", internal, instance=Cirb-
Ballast-1, generate 
 3601,  4000,     1 
*Surface, type=ELEMENT, name="Cirb SL" 
"_Cirb SL_S1", S1 
*Elset, elset="_Cirb SR_S2", internal, instance=Cirb-
Ballast-1-lin-2-1, generate 
   1,  400,    1 
*Surface, type=ELEMENT, name="Cirb SR" 
"_Cirb SR_S2", S2 
*Elset, elset="_Sleeper B_S4", internal, instance=Sleeper-
1, generate 
   10,  4000,    10 
*Surface, type=ELEMENT, name="Sleeper B" 
"_Sleeper B_S4", S4 
*Elset, elset="_Sleeper SL_S1", internal, instance=Sleeper-
1, generate 
 3601,  4000,     1 
*Surface, type=ELEMENT, name="Sleeper SL" 
"_Sleeper SL_S1", S1 
*Elset, elset="_Sleeper SR_S2", internal, instance=Sleeper-
1, generate 
   1,  400,    1 
*Surface, type=ELEMENT, name="Sleeper SR" 
"_Sleeper SR_S2", S2 
*Elset, elset=_Surf-11_S6, internal, instance=Sleeper-1 
  151,  161,  171,  181,  191,  201,  211,  221,  231,  241,  
551,  561,  571,  581,  591,  601 
  611,  621,  631,  641,  951,  961,  971,  981,  991, 1001, 
1011, 1021, 1031, 1041, 1351, 1361 
 1371, 1381, 1391, 1401, 1411, 1421, 1431, 1441, 1751, 1761, 
1771, 1781, 1791, 1801, 1811, 1821 
 1831, 1841, 2151, 2161, 2171, 2181, 2191, 2201, 2211, 2221, 
2231, 2241, 2551, 2561, 2571, 2581 
 2591, 2601, 2611, 2621, 2631, 2641, 2951, 2961, 2971, 2981, 
2991, 3001, 3011, 3021, 3031, 3041 
 3351, 3361, 3371, 3381, 3391, 3401, 3411, 3421, 3431, 3441, 
3751, 3761, 3771, 3781, 3791, 3801 
 3811, 3821, 3831, 3841 
*Surface, type=ELEMENT, name=Surf-11 
_Surf-11_S6, S6 
*Elset, elset=_Surf-12_S6, internal, instance=Ballast-1, 
generate 
     1,  17961,     40 
*Elset, elset=_Surf-12_S4, internal, instance=Ballast-1, 
generate 
    40,  18000,     40 
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*Elset, elset=_Surf-12_S3, internal, instance=Cirb-Ballast-
1 
    1,    2,    3,    4,    5,    6,    7,    8,    9,   10,  
401,  402,  403,  404,  405,  406 
  407,  408,  409,  410,  801,  802,  803,  804,  805,  806,  
807,  808,  809,  810, 1201, 1202 
 1203, 1204, 1205, 1206, 1207, 1208, 1209, 1210, 1601, 1602, 
1603, 1604, 1605, 1606, 1607, 1608 
 1609, 1610, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 
2009, 2010, 2401, 2402, 2403, 2404 
 2405, 2406, 2407, 2408, 2409, 2410, 2801, 2802, 2803, 2804, 
2805, 2806, 2807, 2808, 2809, 2810 
 3201, 3202, 3203, 3204, 3205, 3206, 3207, 3208, 3209, 3210, 
3601, 3602, 3603, 3604, 3605, 3606 
 3607, 3608, 3609, 3610 
*Elset, elset=_Surf-12_S3, internal, instance=Cirb-Ballast-
1-lin-2-1 
    1,    2,    3,    4,    5,    6,    7,    8,    9,   10,  
401,  402,  403,  404,  405,  406 
  407,  408,  409,  410,  801,  802,  803,  804,  805,  806,  
807,  808,  809,  810, 1201, 1202 
 1203, 1204, 1205, 1206, 1207, 1208, 1209, 1210, 1601, 1602, 
1603, 1604, 1605, 1606, 1607, 1608 
 1609, 1610, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 
2009, 2010, 2401, 2402, 2403, 2404 
 2405, 2406, 2407, 2408, 2409, 2410, 2801, 2802, 2803, 2804, 
2805, 2806, 2807, 2808, 2809, 2810 
 3201, 3202, 3203, 3204, 3205, 3206, 3207, 3208, 3209, 3210, 
3601, 3602, 3603, 3604, 3605, 3606 
 3607, 3608, 3609, 3610 
*Elset, elset=_Surf-12_S3, internal, instance=Sleeper-1 
    1,    2,    3,    4,    5,    6,    7,    8,    9,   10,  
401,  402,  403,  404,  405,  406 
  407,  408,  409,  410,  801,  802,  803,  804,  805,  806,  
807,  808,  809,  810, 1201, 1202 
 1203, 1204, 1205, 1206, 1207, 1208, 1209, 1210, 1601, 1602, 
1603, 1604, 1605, 1606, 1607, 1608 
 1609, 1610, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 
2009, 2010, 2401, 2402, 2403, 2404 
 2405, 2406, 2407, 2408, 2409, 2410, 2801, 2802, 2803, 2804, 
2805, 2806, 2807, 2808, 2809, 2810 
 3201, 3202, 3203, 3204, 3205, 3206, 3207, 3208, 3209, 3210, 
3601, 3602, 3603, 3604, 3605, 3606 
 3607, 3608, 3609, 3610 
*Elset, elset=_Surf-12_S5, internal, instance=Cirb-Ballast-
1 
  391,  392,  393,  394,  395,  396,  397,  398,  399,  400,  
791,  792,  793,  794,  795,  796 
  797,  798,  799,  800, 1191, 1192, 1193, 1194, 1195, 1196, 
1197, 1198, 1199, 1200, 1591, 1592 
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 1593, 1594, 1595, 1596, 1597, 1598, 1599, 1600, 1991, 1992, 
1993, 1994, 1995, 1996, 1997, 1998 
 1999, 2000, 2391, 2392, 2393, 2394, 2395, 2396, 2397, 2398, 
2399, 2400, 2791, 2792, 2793, 2794 
 2795, 2796, 2797, 2798, 2799, 2800, 3191, 3192, 3193, 3194, 
3195, 3196, 3197, 3198, 3199, 3200 
 3591, 3592, 3593, 3594, 3595, 3596, 3597, 3598, 3599, 3600, 
3991, 3992, 3993, 3994, 3995, 3996 
 3997, 3998, 3999, 4000 
*Elset, elset=_Surf-12_S5, internal, instance=Cirb-Ballast-
1-lin-2-1 
  391,  392,  393,  394,  395,  396,  397,  398,  399,  400,  
791,  792,  793,  794,  795,  796 
  797,  798,  799,  800, 1191, 1192, 1193, 1194, 1195, 1196, 
1197, 1198, 1199, 1200, 1591, 1592 
 1593, 1594, 1595, 1596, 1597, 1598, 1599, 1600, 1991, 1992, 
1993, 1994, 1995, 1996, 1997, 1998 
 1999, 2000, 2391, 2392, 2393, 2394, 2395, 2396, 2397, 2398, 
2399, 2400, 2791, 2792, 2793, 2794 
 2795, 2796, 2797, 2798, 2799, 2800, 3191, 3192, 3193, 3194, 
3195, 3196, 3197, 3198, 3199, 3200 
 3591, 3592, 3593, 3594, 3595, 3596, 3597, 3598, 3599, 3600, 
3991, 3992, 3993, 3994, 3995, 3996 
 3997, 3998, 3999, 4000 
*Elset, elset=_Surf-12_S5, internal, instance=Sleeper-1 
  391,  392,  393,  394,  395,  396,  397,  398,  399,  400,  
791,  792,  793,  794,  795,  796 
  797,  798,  799,  800, 1191, 1192, 1193, 1194, 1195, 1196, 
1197, 1198, 1199, 1200, 1591, 1592 
 1593, 1594, 1595, 1596, 1597, 1598, 1599, 1600, 1991, 1992, 
1993, 1994, 1995, 1996, 1997, 1998 
 1999, 2000, 2391, 2392, 2393, 2394, 2395, 2396, 2397, 2398, 
2399, 2400, 2791, 2792, 2793, 2794 
 2795, 2796, 2797, 2798, 2799, 2800, 3191, 3192, 3193, 3194, 
3195, 3196, 3197, 3198, 3199, 3200 
 3591, 3592, 3593, 3594, 3595, 3596, 3597, 3598, 3599, 3600, 
3991, 3992, 3993, 3994, 3995, 3996 
 3997, 3998, 3999, 4000 





** Constraint: Cirb-Ballast L 
*Tie, name="Cirb-Ballast L", adjust=yes 
"Cirb BL", "Ballast L" 
** Constraint: Cirb-Ballast R 
*Tie, name="Cirb-Ballast R", adjust=yes 
"Ballast R", "Cirb BR" 
** Constraint: Crib-Sleeper L 
*Tie, name="Crib-Sleeper L", adjust=yes 
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"Sleeper SL", "Cirb SL" 
** Constraint: Sleeper-Ballast 
*Tie, name=Sleeper-Ballast, adjust=yes 
"Sleeper B", "Ballast Mid" 
** Constraint: Sleeper-Ballast R 
*Tie, name="Sleeper-Ballast R", adjust=yes 
"Sleeper SR", "Cirb SR" 
*End Assembly 
*Amplitude, name=Amp-1, definition=PERIODIC 
1,           94.25,              0.,             19. 









*Drucker Prager Hardening 
300000.,   0. 
500000., 0.08 
*Elastic 









** STEP: Step-1 
**  
*Step, name=Step-1, nlgeom=YES 
*Cyclic 
1., 1., 1e-05, 1. 
**  
** BOUNDARY CONDITIONS 
**  
** Name: Bottom Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
Set-1, ENCASTRE 










Surf-11, P, 3.45e+05 
** Name: confi   Type: Pressure 
*Dsload 
Surf-12, P, 6000. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, variable=PRESELECT 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT 
*End Step 
 
 
 
